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Abstract
The availability of vapor pressure data is essential to validate thermodynamic models and
enhance the thermodynamic correlations. Despite its importance, there is limited vapor
pressure data of the multicomponent mixtures in open literature. This is the case for
hydrocarbon/water blends as they are found in the naphtha recovery unit in the oil sand process.
This thesis uses a CREC-VL-Cell, a batch apparatus to measure the vapor pressures of noctane/water, synthetic naphtha (SN)/water and solids/n-octane/water. The CREC-VL-Cell
operates at thermal equilibrium with less than 1.6 % error using a 1080 rpm impeller speed and
various optimized operational factors. This apparatus saves at least 8 hours of the degassing
procedures using an air contained correction.
Aspen Hysys process simulator with the Peng Robinson Equation of State package is valuable
to emulate CREC-VL-Cell dynamic data of the air-contained hydrocarbon/water by adjusting
the volumetric flow of all the phases exiting a continuous separator unit. On this basis, vapor
pressure data from the CREC-VL-Cell and Aspen Hysys-Peng Robinson Equation of State
simulations are shown to compare well for both n-octane/water and synthetic naphtha
(SN)/water blends.
On the other hand, mass balances derived CREC-VL-Cell data allows one to establish liquid
and vapor molar fractions boundaries for n-octane/water blends. With these boundaries,
additional discrimination of thermodynamic models is allowed. For instance, this shows
significant discrepancies of the derived Aspen Hysys-Peng Robinson Equation of State molar
fractions, with the anticipated molar fractions boundaries calculated via mass balances in the
CREC-VL-Cell.

Keywords
CREC-VL-Cell, Batch Dynamics, Multiphase equilibrium, Mixing, Process Simulation,
VLE, Aspen Hysys, water, n-octane, Synthetic Naphtha, solids
ii

Summary for Lay Audience
Even though Canada’s Oil industry has a significant role as the world’s third-largest oil
reservoir, the oil sand industry is facing challenges to minimize process contaminated water
effluents. Naphtha Recovery Unit (NRU) is the last process step to recover residual naphtha
which is used to dilute bitumen. Therefore, the NRU process must be optimized to increase the
economic benefits and minimize the environmental footprint.
Vapor pressure data is crucial to investigate the extent of phase equilibrium in the NRU.
Moreover, thermodynamic models and their enhanced correlations can be validated by using
experimentally measured vapor pressures. However, restricted vapor pressure data of a
multicomponent system limits the optimization of the NRU with feed streams composed of
water, solids, bitumen and naphtha.
This MESc thesis considers an apparatus able to measure vapor pressures of complex mixtures.
This apparatus designated as the CREC-VL-Cell, provides a batch dynamic measurements of
vapor pressure in the 30℃ to 120 ℃ range. This method includes optimized design parameters
such as mixing speed and unit shape factors.
N-octane/water, synthetic naphtha/water and solids/n-octane/water mixtures are used to
measure the vapor pressure and the analysis of this data is reported in this thesis. Also, noctane/water mixtures are further investigated to establish n-octane molar fractions limits.
This MESc thesis also uses a process simulator, Aspen Hysys with a Peng-Robinson Equation
of State package, to investigate the behavior of complex mixtures. The continuous process
model is modified to describe the experimental condition in the CREC-VL-Cell. The
simulation results are compared to the experimental data validating in this way, the simulation
results obtained.
As a result, this MESc project is developed to facilitate vapor pressure measurements,
proposing a simulation method which validated with experimental data. This experimental
study can also contribute to help setting a valuable research methodology for other
hydrocarbon-water process separation applications.
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Chapter 1: Introduction

Canada’s Oil sand industry has a significant role as the world’s third-largest oil reservoir
[1]. The oil sand industry still faces, however, challenges due to the poor oil sand properties
compared to conventional oil [2]. Main issues that oil-sand processing should overcome
are: (a) improved recovery yield, (b) minimization of the environmental impact.
The Naphtha Recovery Unit (NRU) performs an essential process task. It is the last step to
recover residual diluent naphtha before the tailings are sent to an engineered dam, named
tailing pond. Alberta Energy and Utilities Board controls Naphtha losses, and NRU
operation requires significant amounts of energy to be operated [2]. Thus, the NRU process
must be optimized and this to achieve maximum naphtha recovery, with minimum
environmental footprint.
Figure 1 describes a schematic of the NRU process flowsheet. NRU is an equilibrium stage
column which has been modified to separate a multicomponent mixture. Heated steam
sprays to the liquid pool to vaporize the mixture, and the unit is operated near 100 ℃ and
100 kPa [3]. A demister pad on the top of the unit separates suspended solids in the vapor
phase. The condensed water from the unit constantly refluxes to the system. Regarding the
liquid pool with minimized naphtha, content is sent to the adjacent tailing pond.
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Figure 1. Typical Naphtha Recovery Unit process diagram as reported in the
literature [4]
The NRU has been designed based on equilibrium phase principles. In principle, the closer
to phase equilibrium the NRU operates, the higher the separation yield obtained. Therefore,
phase equilibrium with mixing conditions is critical to reach the ideal operating condition
in the NRU. In the NRU, the water-hydrocarbon thermodynamic phase equilibrium [5] is
helped via mass transfer between interphases.
Given the above, vapor pressure data availability is of critical importance for the NRU.
Vapour data is normally available in the technical literature together with thermodynamic
correlations for enhancing phase compositions [6]. However, the availability of waternaphtha vapor pressure, as well as the related thermodynamics, is very limited in the open
literature. Therefore, further information on these parameters in the 30-110 ℃ is critical
for further improvements in the NRU [7].
Figure 2 reports a distillation curve of crude oils, as reported in the literature [8]. One can
observe that naphtha displays a 65 ℃ to 230 ℃, the lowest distillation temperature from
various hydrocarbon products. Given n-octane shows a 125.6 ℃ boiling point, close to the
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average boiling point from typical light naphtha [9], n-octane can be considered to
represent naphtha in the present study.

Figure 2. Crude oil distillation curve [8]. Note: The arrows indicate the change of
diesel production yield in different volumetric flow condition.
Additionally, to improve thermodynamics predictions in the NRU, a Synthetic Naphtha
(SN) blend can be prepared, including five (5) paraffinic compounds with n-octane being
the main mixture component, as will be described later in 5.1.2. Furthermore, and to have
a comprehensive analysis with multiphase blends simulating the ones fed in the NRU,
kaolin clay and silica sand can also be added to n-octane-water blends.
Regarding studies relevant for the NRU, a CREC-VL-Cell apparatus was designed to
measure the saturation vapor pressure of water-hydrocarbon multicomponent mixture.
(Escobedo et al., 2020) The selected design was validated in the present thesis, by using
high-speed video images and changes in the impeller mixing speed. On this basis,
optimized mixing conditions were determined. As well, a “dynamic operation” was chosen
measuring vapor pressures with the thermal level in the cell changing via a 1.22 ℃/min
ramp, gathering in every experiment a very significant amount of relevant thermodynamic
data.
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Chapter 2: Bibliographic Review

The thermodynamics of multicomponent mixtures is a challenging research subject [10].
In this respect, multicomponent mixtures have to be considered from the perspective of
molecular interaction [11]. Despite its issues, thermodynamics of multicomponentmultiphase systems is increasingly being considered in both academia and industry [12].
This literature review analyses the various possible approaches reported in previous
studies.
Although the experimental determination is the most effective way to establish phase
equilibrium for the entire temperature, pressure and concentration ranges of interest, it is
too expensive [13]. Thus, thermodynamic models can be employed very effectively [14]
to design and simulate process units [15], [16]. In this respect, one of the biggest concerns
for engineers is to decide about an adequate thermodynamic model for the simulation. [17],
[18].
2.1

Hydrocarbon – Water Mixture

Hydrocarbon-water mixtures are reviewed with the goal of understanding immiscibility
liquid behavior. In this regard, the partially miscible liquid may form a two-phase liquid
system [19].
While temperature, pressure, molecular size and mixing are factors influencing miscibility,
the chemical species polarity is a leading effect [20]. Water forms high polar molecules
with electrons being pulled towards the oxygen atom. Hydrocarbons, on the other hand,
mainly contain hydrogen and carbon atoms. As hydrogen and carbon display low
electronegativity between constitutive atoms, hydrocarbons have low polar characteristics
[21]. Therefore, water and hydrocarbon show the main differences and, as a result, low
miscibility.
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Due to this water and hydrocarbon low miscible behavior, these species can be separated
rather easily until hydrocarbons in water reach low concentrations [22]. Then hydrocarbon
is enough to contaminate discharge water streams, with a resulting negative impact on the
environment [23].
Hydrocarbons in water can be considered in the multiphase systems designated as
emulsions. [24]. Emulsions can contain two or more liquid mixtures, with one being in a
droplet form [25]. The physical properties of these emulsions determine light scattering
and stability tests [26]. However, the droplet size is probably the main criterion to
distinguish them. Table 1 reports the blend classification using as the basis of the droplet
size of a particle in the solvent phase [27].
Table 1. Classification of an Emulsion using as the basis the Droplet Size
Solution

Colloid

Suspension

~ 1nm

1 ~ 100nm

100nm ~

2.1.1 Alkane – Water
Alkanes (or paraffinic compounds) are acyclic saturated hydrocarbons, with the 𝐶𝑛 𝐻2𝑛+2
general formula [28]. Due to the fact that alkanes only contain hydrogen and carbon, they
are bound to have extremely low polarity [29]. Therefore, the solubility in water is
anticipated to be low, given the “like dissolves like” principle [30]. Alkanes are versatile
substances in engineering applications, such as solvents, thermo-fluids, and fuels [31]. Due
to the various usages, the alkane separation from water has been researched for decades
[32].
The solubility of alkanes in water can be influenced by the number of carbons, with
solubility decreasing for the larger carbon chain molecules [33]. Furthermore, this
solubility declines even more rapidly if the carbon number is more significant than 11 [34].
This behavior can be explained as a reduced opportunity of a larger alkane carbon chain
molecule to become in contact with water [34].
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Furthermore, micelle formation can be a significant factor in determining the hydrocarbon
solubility level [35]. In fact, the hydrocarbon micelle in water may increase the nonequilibrium solubility, decreasing the solubility rate [36].
Shaw (1989) derived an empirical equation representing the hydrocarbon molar fraction in
water and the influence of the carbon numbers [37]. Thus, one can see that this equation
anticipates a decreasing exponentially with the carbon number.
ln 𝑥 = −3.9069 − 1.51894 𝐶𝑁

Equation 1

Where,
𝑥 = molar fraction of alkanes in water, CN = alkanes carbon number
Ma̧czyński et al. (2004) derived a more advanced equation for alkane solubility in water
via Equation 2. This equation, which also includes the temperature effect, was generated
by using 32 binary mixtures. This equation has the special advantage of not requiring
adjustable parameters to predict the solubility level. [38]
𝑙𝑛𝑥 = 𝑙𝑛𝑥𝑚𝑖𝑛 + 𝐶3 𝑏 [

𝑇𝑚𝑖𝑛
𝑇
) − 1]
+ ln (
𝑇
𝑇𝑚𝑖𝑛

Equation 2

Where,
𝑥 = molar fraction of alkanes in water, 𝑥𝑚𝑖𝑛 = minimum molar fraction of alkanes, 𝐶3 =
data variance, 𝑏 = coefficient in 𝑙𝑛𝑥𝑚𝑖𝑛 , 𝑇𝑚𝑖𝑛 = temperature of minimum molar fraction,
𝑇 = temperature of the molar fraction.
One should note that the alkane low solubility level in water causes scattering in
measurements. Thus, accuracy is limited [39]. This led to developing statistical approaches,
such as the Statistical Associating Fluid Theory (PC-SAFT), which uses binary parameters
and carbon numbers [40], [41].
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2.1.2 Naphtha – Water
Naphtha is a hydrocarbon blend (hydrocarbon cut) from petroleum processing [42].
Naphtha can be further classified in light naphtha and heavy naphtha. Light naphtha
contains hydrocarbons with 5-6 carbons, while Heavy naphtha hydrocarbons with 6- 12
carbons [43].
More specifically, naphtha contains paraffinic, aromatic and naphthenic compounds [44].
Given the low polarity of hydrocarbons, solubility in water is relatively low for naphtha.
However, aromatic compounds are somewhat of an exception dissolving more the water,
as these substituents groups in the benzene ring can display polarity [45]. Thus, the overall
solubility of naphtha in water is of importance given it can help to mitigate the
environmental impact in the heavy oil process using naphtha as a solvent.
Naphtha-water has rarely been studied in open-literature. Phase equilibrium of naphtha in
water has been investigated in the context of aromatic compounds extraction only [46].
The scarcity data about this subject may be due to the following:
(1) Naphtha is challenging to be characterized composition-wise
(2) Adequate phase equilibrium cells are hard to design
(3) The existing thermodynamic models lack good agreement for the naphtha in highly
diluted water systems.
2.1.3 Bitumen – water
Bitumen is a semi-solid petroleum compound with high viscosity and adhesive properties
[47]. Compared to conventional oil, bitumen contains mainly carbon and impurities, such
as nitrogen, sulphur and heavy metals [48]. Bitumen is a distilled product from
conventional oil. However, bitumen can be obtained naturally in Canada [49]. Despite its
low grade and high impurities, the oil sand process can be significantly upgraded with the
product of upgrading being later refined [50].
Bitumen contains 300 ~ 2000 chemical compounds [51]. Due to the huge number of
chemical species, it can be characterized based on elemental composition. Furthermore,
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SARA (Saturates, Aromatics, Resins and Asphaltenes) analysis can also be used to
understand the value of bitumen into fractions. Bitumen can display variable solubility with
this depending on the solvent of choice. [52]. Table 2 reports the bitumen characteristic,
including elemental composition and SARA analysis.
Table 2. Bitumen composition by Elements and SARA analysis [52]
Elements

wt%

SARA analysis

wt%

Carbon

83.2 ± 0.9

Saturates

16.1 ± 2.1

Hydrogen

9.7 ± 0.4

Aromatrics

48.5 ± 2.3

Nitrogen

0.4 ± 0.2

Resins

16.8 ± 1.2

Sulphur

5.3 ± 0.2

Asphaltene

18.6 ± 1.8

Oxygen

1.7 ± 0.3

There is limited technical literature on bitumen-water phase behavior [53], [54], with the
main goal of these publications being operating conditions for in-situ extraction and
refining processes in the oil sand industry.
Amani et al. (2013) analyzed bitumen – water phase behavior at a high temperature and
pressure. X-ray transmission tomography was used to show coexisting phases in the 9.2 ~
96.6 wt% bitumen in the water range [55]. The experimental conditions were validated by
well-known mixtures such as 1-methylnaphthalene in water and toluene in water.
Literature data were used to compare with the experimental data. Since the research
targeted to find adequate operating conditions for bitumen extraction, the critical point of
water was studied in three-phase equilibrium conditions (vapor –liquid-liquid). [55]
Regarding naphtha-bitumen-water blends studies, they are valuable, given naphtha is a
typically used diluent to meet pipeline transportation specifications by reducing the
bitumen viscosity [56]. Yang and Czarnecki (2002) studied the influence of naphthabitumen ratios in hydrocarbon-water blends. It was observed that the solubility of water in
bitumen was highly dependent on naphtha/bitumen ratio in the bitumen, while bitumen in
water was highly immiscible, with this being a function of the molecules polarity
differences [57]. One should note that the stability of the formed emulsion collapsed when
the naphtha/ bitumen ratio (N/B) was in the 0.5 to 1.5 range [57].
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Regarding bitumen-water emulsions stability, it is of significance to mention phase
behavior [58], [25]. In this respect, a third agent, namely an emulsifier frequently
designated surfactant, can influence species immiscibility [59]. This is the case of
naphthenic acids and porphyrins [60]. Therefore, bitumen-water blends can form stable
emulsions, which are problematic to deal with, in the oil sand processes [61].
2.2

VLE Measuring Equipment

Vapor Liquid Equilibrium (VLE) experimental data is of critical importance for
hydrocarbon-water separation processes [62] such as distillation, extraction and separation
[63]. Experiment data is also essential to validate thermodynamic phase equilibrium
models [64], [65]. Hence, the decision on the VLE measurement apparatus selection is a
significant matter in both academic and industrial settings.
VLE data has to be obtained under “dynamic” phase equilibrium, with the rates of
condensation and evaporation being the same [66], [63]. Therefore, the assessment of this
“dynamic” phase equilibrium is required in the apparatus that maximizes the data points
[67], using automated units [64].
Despite the growing demands for the VLE databases, there is limited data in the openliterature, with this data being also restricted to a limited number of chemical species blends
[68]. Thus, VLE measurement apparatus are needed for addressing the following [69]: (a)
Easy access, (b) Enhanced Accuracy, (c) Low Cost, (d) Short Measurement Times.
Figure 3 reports a classification of the existing VLE measurement devices [70]. The
developed phase equilibrium measurements are divided into: a) “Batch” methods and b)
“Flow” methods [71]. Batch and Flow devices differentiate each other, in the way they
approach equilibrium. The flow method develops measurements while the species blend
circulated through the equipment, whereas the batch method measures phase equilibrium
in a close cell of a set volume [72]. Both devices measure: a) phase compositions
withdrawing a sample, b) total pressure via a digital pressure gauge [73].
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Figure 3. Classification of VLE measuring apparatuses [70]
2.2.1 Batch Method
The batch method keeps phase equilibrium and measures the physical properties of a
sample in a closed system [74]. In the “batch-static” mode, the cell is vacuumed prior to
the run, with injectors used to feed the sample once the low pressure condition is attained
[75]. During the experiment, the loaded sample has to be mixed well, so that the sample
reaches the phase equilibrium condition rapidly [76]. Batch-static methods are the most
widely used for phase equilibrium research because of their simplicity. Furthermore, both
a small amount and a diversity of samples can be studied [77]. However, the cell requires
special designs to be able to afford high temperature and pressure conditions, without leaks
and pressure vacuum being lost [78].
Figure 4 describes a schematic of a “Batch-Static” analytical equipment. One should notice
that the sampling is directed towards analytical equipment, e.g. Gas Chromatography and
Mass Spectrometry to measure the sample composition [67].
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Figure 4. A Schematic depiction of the static analytical equipment [67]
This method offers however challenges: a) the samples taken for analysis must be much
smaller than the one contained in the cell and this without disturbing pressure or mixing
conditions [78], b) one has to ascertain that the sample taken is a representative from either
the liquid or the gas phases, with this being even more challenging in multiphase systems,
with two liquid phases.
Furthermore, the following are additional disadvantages of the “Batch-Static Method”
with concentration measurements method [79]:
(1) Calibrating analysis is difficult.
(2) Degassing must be proceeded to get rid of impurities.
(3) The aqueous-based sample is difficult to be analyzed using conventional columns
and detectors.
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On the other hand, the “Batch-Static” method with both total pressure and temperature
measurement is another option [80]. Using this approach, the compositions of both vapor
and liquid are calculated, knowing the experimental measured temperature and pressure
values [81].
The “Batch-Static” Method with pressure and temperature measurements is simple to
implement, involving a much lower cost [82],[83],[75]. This method reduces experimental
uncertainties from sampling, sample preparation and sample analysis [76]. Furthermore,
the Batch-Static” Method with pressure and temperature measurement can be applied for
a broader range of chemical species blends [84].
The Batch-Static” Method with pressure and temperature measurements offers the
following challenges [76]:
(1) There is no information obtained from phase compositions.
(2) Thermodynamic consistency is given by the summation of molar fractions being
one cannot be directly checked.
(3) Degassing must proceed with the run given impurities or dissolved gas affecting
the obtained data.
Figure 5 reports a typical design of a “Batch-Static” Method, as given by Uusi-Kyyny et
al. (2012). The apparatus measures the total pressure and analyzes the phase behavior of
the mixture by numerical calculation. Degassing and injecting methods are successfully
conducted, measuring 21 equilibrium conditions [85]. This method was found adequate to
measure the phase equilibrium of two miscible liquids mixture considering the known
temperature, pressure and volume information. Water as a thermo-fluid given run is used
in the 50 ℃ and 90 ℃ range.
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Figure 5. Batch-Static Method Device : (1) and (2) feed cylinders; (3) temperature
meter; (4) pressure display; (5) temperature controller; (6) pressure transducer; (7)
liquid nitrogen trap; (8) vacuum pump; (9) syringe pump; (10) equilibrium cell; (11)
batch liquid mixer; (12) syringe pump; (13) thermostated water batch; (14) and
(15)circular bath; (16), (17) and (18) temperature probe. [86]
2.2.2 Flow Method
The flow method involves a cell with a flow of chemical species continuously circulated
to reach equilibrium at all times [67]. In the flow method, the cell pressure is controlled,
so the vapor and liquid phases reach a steady-state after a given period [69], [80]. The flow
method does not have a high cost though it involves a higher complexity than the batch
[76]. The apparatus is relatively easy to assemble and can be optimized for specific phase
equilibrium studies [87].
The flow method can as well divided into three: (1) Single Vapor Pass, (2) Single Vapor
and Liquid Pass, (3) Phase Recirculation.
The Single Vapor Pass Flow method involves a vapor phase flowing in the cell only, with
the liquid phase being stagnant [67]. This method is recommended for using with a vapor
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phase occupying most of the cell volume [81]. This method allows researchers to
investigate the thermodynamics of mixtures rather quickly [87], being restricted to pure
compounds, given its otherwise unstable equilibrium [69], [67].
The Single Vapor and Liquid Pass Flow method involve a high-pressure pump feeding
both gas and the liquid phases into the measuring cell [76]. This apparatus provides a stable
equilibrium condition for wide range of boiling point samples [88]. [84]. However, the
experimental protocol method of this technique is complicated, with a flow rate and liquid
level difficult to control [87], [81].
The Phase Recirculation Flow method involves two flows [67], with phases recirculated
until they reach equilibrium [89]. Therefore, two pumps are required. This method
provides, in principle, enhanced phases helping to reach the rapid phase equilibrium [87].
However, because of the active movement of the flow, [76] close control of the operation
of two pumps is needed with the data quality varying on the system operator [76].
2.3

Thermodynamic Principles

Fugacity is a “theoretical based parameter” involved in phase equilibria[90]. Thus, VLE
condition can be expressed by using the fugacity in the liquid phase and gas phase as
follows [91], [92], [93]:
For pure liquids,
𝑓𝑖𝐿 (𝑇, 𝑃) = 𝜙𝑖𝑠𝑎𝑡 (𝑇, 𝑃𝑖𝑠𝑎𝑡 )𝑃𝑖𝑠𝑎𝑡 exp [𝑉𝑖𝐿 (

𝑃 − 𝑃𝑖𝑠𝑎𝑡
)]
𝑅𝑇

Equation 3

Where,
𝑓 = fugacity, 𝜙 = fugacity coefficient, T = temperature, P = Pressure, V = Volume, sat =
saturation state pure component quantity, i = component identity, R = gas constant
For the liquid solution, an activity coefficient model can be introduced using the fugacity
equation.
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𝑓̂𝑖𝐿 = 𝛾𝑖 𝑥𝑖 𝑓𝑖𝐿

Equation 4

where,
𝛾 = activity coefficient, 𝑥 = Liquid phase molar fraction, ^ = partial molar property
Applying pure liquid fugacity to the solution, a general expression for liquid fugacity can
be derived,
𝑃 − 𝑃𝑖𝑠𝑎𝑡
𝑓̂𝑖𝐿 = 𝛾𝑖 𝑥𝑖 𝜙𝑖𝑠𝑎𝑡 𝑃𝑖𝑠𝑎𝑡 exp [𝑉𝑖𝐿 (
)]
𝑅𝑇

Equation 5

Meanwhile, the activity coefficient, 𝛾𝑖 , can be measured in experiments and fitted to the
excess Gibbs energy.
𝐺̅𝑖𝐸
1 𝜕(𝑛𝐺 𝐸 )
𝑙𝑛𝛾𝑖 =
=
[
]
𝑅𝑇 𝑅𝑇 𝜕𝑛𝑖 𝑇,𝑃,𝑛

Equation 6

where,
𝐺 𝐸 = excess Gibbs energy
For pure vapor,
𝑓𝑖𝑣 (𝑇, 𝑃) = 𝜙𝑖 (𝑇, 𝑃)𝑃

Equation 7

As well, one can note that the fugacity coefficient can be measured by the deviation from
the ideal gas behavior using the 𝜙𝑖 (𝑇, 𝑃) activity coefficient.
Regarding a vapor phase in a multicomponent mixture, an equation analogous to Equation
8 can be considered with the fugacity coefficient calculated by using an equation of State
(EOS). Thus, a general equation for fugacity in a gas mixture is the following,
𝑓̂𝑖𝑣 (𝑇, 𝑃) = 𝜙̂𝑖 (𝑇, 𝑃)𝑦𝑖 𝑃
Where,

Equation 8
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𝑦𝑖 𝑃 = Partial pressure
At vapor-liquid phase equilibrium with the Gibbs free energies being the same in the two
phases, and consequently the fugacity being as well the same, the VLE conditions can be
expressed:
𝑓̂𝑖𝐿 (𝑇, 𝑃, 𝑥𝑖 ) = 𝑓̂𝑖𝑣 (𝑇, 𝑃, 𝑦𝑖 )

Equation 9

Hence, Equation 5 and Equation 8 can be used to represent the liquid phase fugacity and
gas phase fugacity as follows,
𝛾𝑖 𝑥𝑖 𝜙𝑖𝑠𝑎𝑡 𝑃𝑖𝑠𝑎𝑡

exp [𝑉𝑖𝐿

𝑃 − 𝑃𝑖𝑠𝑎𝑡
(
)] = 𝜙̂𝑖 (𝑇, 𝑃)𝑦𝑖 𝑃
𝑅𝑇

Equation 10

2.3.1 Activity Coefficient Model
The activity coefficient describes the deviation of the mixture behavior from ideality [94]
as the ratio of actual fugacity over the standard fugacity. [95] [96] [97].
Regarding liquid fugacity, its prediction involves an activity coefficient [92] [98]. The
main feature of the activity coefficient is to treat liquid different from vapor [99] as a
deviation from an ideal solution and ideal-gas behavior.
The Non-Random Two Liquid (NRTL) model is reported as one most commonly used to
calculate activity coefficients (Renon and Pranusnitz,1968). The NRTL equation is also
known as the Local-Composition method from the Wilson equation, which correlates well
VLE data [92]. NRTL equation provides a good representation of non-ideal mixtures, polar
compounds and partially immiscible systems [100].
Reid et al. (1988) explained the NRTL equation for a binary mixture as follows [101],

𝑙𝑛𝛾1 =

𝑥22

2
𝐺21
𝜏12 𝐺12
) +
[𝜏21 (
]
(𝑥2 + 𝑥1 𝐺12 )2
𝑥1 + 𝑥2 𝐺21

Equation 11
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𝑙𝑛𝛾2 =

2
𝐺12
𝜏21 𝐺21
) +
]
(𝑥1 + 𝑥2 𝐺21 )2
𝑥2 + 𝑥1 𝐺12

Equation 12

𝑙𝑛𝐺12 = −𝛼𝜏12

Equation 13

𝑙𝑛𝐺21 = −𝛼𝜏21

Equation 14

𝑥12 [𝜏12 (

where

where 𝜏12 , 𝜏21 are the dimensionless interaction factor, related to the energy parameter as
follows:
𝜏12 =

∆𝑏12 𝑈12 − 𝑈22
=
𝑅𝑇
𝑅𝑇

Equation 15

𝜏21 =

∆𝑔21 𝑈21 − 𝑈11
=
𝑅𝑇
𝑅𝑇

Equation 16

Where,
𝑈𝑗𝑖 = energy between the molecular surface, 𝑈𝑖𝑖 = energy of evaporation,
𝛼, 𝑏12 , 𝑏21 =specific parameters to given species, depending on the composition and
temperature.
If the NRTL model is adapted to determine the liquid phase properties, a single parameter
equation can be derived, called the Margules activity coefficient model.
The activity coefficient at infinite dilution can be calculated from Equation 13 to Equation
16 as follows:
𝑙𝑛𝛾1∞ = [𝜏21 + 𝜏12 exp(−𝛼12 𝜏12 )]

Equation 17
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𝑙𝑛𝛾2∞ = [𝜏12 + 𝜏21 exp(−𝛼12 𝜏12 )]

Equation 18

The above NRTL equation describes the local composition in the liquid-solution where
non-random molecular orientations are led by molecular forces in the liquid solution [92].
The NRTL equation shows excellent performance for liquid-liquid and vapor-liquid
equilibrium conditions [102] as follows: a) for non-ideal mixtures good simulation of
experimental data [92], b) for partially miscible systems and polar compounds accurate
data representation [103].
Zygula (2001) used the NRTL model and compared equilibrium data by using three
commercial simulators in an ethylbenzene separation column, as shown in Figure 6. The
three (3) simulators showed good agreement with the experimentally studies non-ideal
mixture [16].

Figure 6. Vapor-Liquid Equilibrium simulation by Non-Random Two Liquid
equation [16]

19

2.3.2 Equation of State Model
An equation of state (EOS) is the mathematical relationship between pressure, temperature,
volume and composition [92]. EOS is appropriate for specific applications [104].
Peng Robinson equation of state (PR EOS) is the most widely used EOS model developed
by Peng and Robinson(1976) for the ideal hydrocarbon system. The equation can be
summarized by the following:
𝑝=

𝑅𝑇
𝑎𝛼
− 2
𝑉𝑚 − 𝑏 𝑉𝑚 + 2𝑏𝑉𝑚 − 𝑏 2

Equation 19

0.45724𝑅 2 𝑇𝑐2
𝑝𝑐

Equation 20

0.7780𝑅𝑇𝑐
𝑝𝑐

Equation 21

With

𝑎=

𝑏=

𝛼 = (1 + 𝜅 (1 −

1
𝑇𝑟2 ))

2

𝜅 = 0.37464 + 1.54226𝜔 − 0.26992𝜔2
𝑇𝑟 =

𝑇
𝑇𝑐

Equation 22

Equation 23
Equation 24

Where
𝑇𝑐 = Critical temperature, 𝑝𝑐 = Critical pressure, 𝜅 = isothermal compressibility, 𝑇𝑟 =
reduced temperature, 𝑉𝑚 = molar volume, 𝜔 = the acentric factor.
The PR-EOS model is typically adequate for natural gas processes [105]. For instance, the
PR-EOS can provide high accuracy for gas condensate given the ease of compressibility
factor and liquid density calculations [106].
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Although the PR-EOS shows good performance for hydrocarbon mixtures under the
described conditions, this model may not be adequate near the critical region [106]. A
possible reason for this being the density fluctuation affecting thermodynamic properties
under these conditions [104]. One should note that density variations are ignored in PREOS, given it is difficult to incorporate them in the EOS [107].
Due to the limitation of PR-EOS, some advanced thermodynamic models were developed
by adjusting the original PR-EOS. Stryjek and Vera (1986) published significant
modifications as PRSV1 and PRSV2 equations. PRSV1 improves the compressibility and
acentric factor by adding the additional parameters in the equation, as shown in Equation
25 and Equation 26. [108]
1

𝜅 = 𝜅0 + 𝜅1 (1 + 𝑇𝑟2 ) (0.7 − 𝑇𝑟 )

Equation 25

𝜅0 = 0.378893 + 1.4897153𝜔 − 0.17131848𝜔2 + 0.0196554𝜔3

Equation 26

Despite PRSV1 improvements, this model was not accurate enough for phase equilibrium
calculations with temperature changes [108]. Thus, a PRSV2 model was introduced to
enhance VLE calculations by two additional temperature depending terms applied over
ninety pure compounds. [108].
1

1

𝜅 = 𝜅0 + [𝜅1 + 𝜅2 (𝜅3 − 𝑇𝑟 ) (1 − 𝑇𝑟2 )] (1 + 𝑇𝑟2 ) (0.7 − 𝑇𝑟 )

Equation 27

𝜅0 = 0.378893 + 1.4897153𝜔 − 0.17131848𝜔2 + 0.0196554𝜔3

Equation 28

Since PRSV equations have also shown weaknesses in the temperature range below the
critical temperature, many researchers have proposed alternative formulation to enhance
the accuracy range [106]. Twu et al. (1998) pointed out the importance of hydrogen
bonding and proposed a model in the non-ideal system [109]. Nader and Behzad (2007)
connected the Peng-Robinson equation of state model and van der Waals mixing rule to
predict stable non-ideal mixtures [13].
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2.4

Multiphase Mixing

Multiphase flow refers to the simultaneous flow of two or more phases [110]. Most
chemical process units are operated under multiphase flow conditions. Thus, the
investigation of multiphase behavior is significant to enhance the industrial process [111].
In this chapter, various shape factors are reviewed to determine the condition of multiphase
mixing for the apparatus design.
This section discusses technical literature on mixing as relevant to the Naphtha Recovery
Unit (NRU). The NRU unit is a typical multiphase flow system, which is composed of 8386 wt% water, 10-13 wt% Solids, 1-3 wt% Bitumen and 0-0.4 wt% naphtha [112]. In this
separation column, the complex liquid multiphase flow is also combined with steam
injection [113]. Column pressure, feed pre-heat conditions and NRU design are the main
factors affecting performance [114].
Since various operating conditions may affect mixing and phase dispersion behavior, these
issues in conjunction with phase equilibria, have to be analyzed [115].
2.4.1 Batch Stirred Tank
Batch stirred tanks are mainly used to study multiphase flow, given the great advantage of
its flexible size [116]. Furthermore, researchers can select various agitators in the system.
Geometric parameters, such as impeller and vessel type, can also be easily modified to
investigate shape factors [117].
Phase dispersion is an essential fluid dynamic condition to allow accurate measurements
in a batch stirred unit [118]. Although phase dispersion behavior can be studied with
various means, the interfacial area per unit column can be effective to understand phase
dispersion [119]. Figure 7 reports the schematic experimental setup used to study phase
distribution.
In this respect, Abu-Farah et al. (2014) developed a non-baffled stirred reactor to visualize
the cyclohexane and water immiscible binary system. A video camera and red tracer were
used in that study. The radial and axial volume tracer compositions were measured by using
the sample withdrawal method. On this basis, the minimum impeller speed to achieve the
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uniform distribution was determined. Both video analysis and sample withdrawal methods
were compared to validate the results. Volume fraction, radial position, axial position, and
mixing speed were chosen to establish complete dispersion of the largely immiscible
phases. [120]

Figure 7. Experimental setup for Visualization of Phase Dispersion [120]
Gradov et al. (2017) reported an example of a solid-liquid mixing study in a batch stirred
tank unit. Various carboxymethyl cellulose (CMC) solutions were measured taking as the
basis the volumetric mass transfer.
Figure 8 provides a schematic description of the unit as well as the optical apparatus for
flow visualization using Solid Partial Image Velocimetry. Images capture velocity and flow
movement using the particle tracing. The generated laser sheet produced two-dimensional
images of the solid-liquid mixture. [121]
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Figure 8. Experimental illustration for solid-liquid mixtures and plexiglass prism
for PIV experiment [121]
2.4.2 Impeller
The impeller is an agitation component moving fluid from one point to another by
mechanical action [116]. The impeller is a critical component in a batch given its strong
influence on mixing [122]. Impellers are typically placed on a shaft located in the central
batch position. [123]. Furthermore, the impeller design determines hydraulic performance,
with different chemical species blends displaying variable transport capacity with the same
impeller [124]. Therefore, both the position and design of the impeller have to be carefully
decided for a particular mixture.
When one decides to apply an impeller in a stirred tank reactor, two issues should be
considered; (1) radial flow, (2) axial flow. Radial flow impellers are used to provide shear
stress [125]. Immiscible fluid and high viscosity mixture normally require this shear stress
promoting impellers to have homogenous mixing. On the other hand, axial flow impellers
are applied to provide high-speed mixing [126]. Thus, suspended solids or high-density
materials can be adequately agitated with axial flow impellers [116].
Figure 9 reports the standard Rushton Turbine, which is widely used as a radial flow
agitator. The Rushton turbines are designed with six (6) flat vertical blades. The Rushton
turbine is used for gas mixture mixing due to its radial positioned flat blade [127].
However, the Rushton turbine application is limited to its use to low-impeller speeds
conditions because the impeller power decreases with impeller speeds [128].
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Figure 9. Description of the Standard Rushton Turbine [129]
Figure 10 describes the pitched blade turbine, which can be considered in the category of
the axial impeller. The pitched blade turbine promotes a significant fluid up-flow and
down-flow [130]. Axial impellers can provide high power at high-mixing speed conditions
[131]. Regarding the pitched blades, the up-flow pitched blades typically deliver a better
mixing performance than downflow mixing [116]

Figure 10. Pitched Blade Turbine [132]
Trad et al. (2017) compared nine unbaffled dual-impeller designs that impose both radial
mixing and axial mixing in the system. Figure 11 shows the specific geometric design of a
dual impeller system. This dual-impeller was designed considering position, rotational
speed and liquid injection placing and this to provide good mixing in a liquid-solid waste
mixture. Application of this impeller was focused on low 50 to 150 rpm speeds and this to
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sustain the biomass production. Results obtained showed that dual-impeller configuration
was appropriate to avoid solid deposition and enhanced liquid to gas mass transfer. [133]

Figure 11. Experimental setup and schematic image of the dual impeller [133]
2.4.3 Baffle
Baffles are an obstacle to the fluid flow tangential motion [116]. When the impeller
movement forms a vortex, the gas phase achieves a significant interface area fraction [134].
However, vortex formation may not be as effective, given the high speeds of agitation in
the circumferential direction [135]. Therefore, baffles are designed to act as vortex breakers
supporting efficient mixing.
Figure 6 reports the standard full baffled stirred tank, designed to prevent stagnant flow.
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Figure 12. Standard full baffled stirred tank [136]
Pukkella et al. (2019) studied ‘Interface baffle’ with baffles placed at the interface region.
The CFD simulation of ‘interface baffles’ is described in Figure 13. The interface baffle
was used with a solid-liquid mixture with the Lagrangian particle tracking to predict the
mixing patterns. [137]

Figure 13. CFD modeling image of Interface baffle [137]
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2.5

Conclusions

The thermodynamics of multicomponent-multiphase systems is of significant importance
for both academia and the industry. To understand the multicomponent-multiphase
systems, this chapter reviews the technical literature as follows: (1) Hydrocarbon-water
blends, (2) VLE equipment, (3) Mixing, (4) Thermodynamic models
Based on the discussion of the technical literature, the following conclusions can be
advanced:
(1) Water-hydrocarbon blends are typical multiphase-multicomponent mixtures. They
can cause significant environmental effects by forming a partially miscible liquid
in water process discharges. Among the group of hydrocarbons involved, naphtha
and bitumen are most challenging to characterize composition-wise. Despite their
significance, water-hydrocarbon blends have scarcely been studied and they should
be as in the present study, subject of important research.
(2) VLE measurement devices can be classified as batch methods and flow methods.
Batch-static methods are the most widely used because they require small samples,
and the procedures are relatively simple. However, “Batch-static” cells are
significantly restricted to the amount of data obtained from every run, and improved
“Batch-dynamics” methods as in the present study are advisable.
(3) Intense multiphase mixing is a critical condition to be achieved in a VLE cell. The

size of the batch stirred tank, the type of impeller, and the baffle positioning are all
contributing factors. It is with this view that mixing conditions and their impact on
thermodynamics in a new CREC-VL cell are analyzed in the present thesis.
(4) VLE phase equilibrium can be determined using an EoS (Equation of State) for the
vapour phase and activity coefficient for the liquid phase. Alternatively, both EoS
models can be considered for the vapor and liquid phases, as is the PR-EoS (Peng
Robinson Equation of State) widely used for hydrocarbon system. However, in
water-hydrocarbon mixtures, the PR-EoS may be inaccurate, and new enhanced
thermodynamic models are needed.
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Chapter 3: Scope of the Research

The

intent

of

this

research

is

to

provide

enhanced

understanding

of

multiphase/multicomponent species in the context of a wastewater plant in the oil sand
industry. The proposed approach considers the study of vapor pressures of multicomponent
mixtures, such as n-octane/water, naphtha/water and solids/naphtha/water using a batch
operated CREC-VL Cell. Process flow simulations, such as Aspen Hysys, are considered
to emulate the CREC-VL batch Cell data. The valuable experimental data results obtained
suggest the value of the CREC-VL-Cell to evaluate thermodynamic models.
3.1

Particular Objectives

Based on these objectives, the following is proposed for this present study.
a) To develop a batch dynamic equilibrium apparatus, called the CREC-VL-Cell. To
establish the experimental methodology to measure the vapor pressures of the solidliquid-liquid-gas mixtures.
b) To measure phase equilibrium starting from 20 ℃ up to 110 ℃, using a. 1.22
℃/min heating ramp.
c) To optimize the thermal equilibrium condition, with different thermo-fluid types
and CREC-VL-Cell positions.
d) To optimize the mixing of the multicomponent/multiphase mixing using various
operational parameters such as sample volume, impeller position, baffle type,
impeller speed and transparent plexiglass unit replica.
e) To develop a synthetic naphtha, able to emulate the distillation curve of industrial
naphtha.
f) To establish an air contained correction fraction, allowing run development in the
CREC-VL Cell, without need of sample degassing using vacuum.
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g) To develop an Aspen Hysys continuous process simulation that emulates the batch
dynamic experiment methodology.
h) To analyze the saturation vapor pressures of n-octane/water mixtures.
i) To analyze the saturation vapor pressures of Synthetic Naphtha/water mixtures.
j) To analyze the saturation vapor pressures of Solids/n-octane/water mixtures.
k) To establish a mass balance method able to assess with CREC-VL-Cell data, the
applicability of thermodynamic models.
3.2

Accomplishments of Research

a) A full manuscript (Manuscript 1) entitled “Understanding Synthetic Naphtha Recovery
from Water Streams: Vapor-Liquid-Liquid Equilibrium (VLLE) Studies in a New VLCell Unit with High Intensity Mixing” submitted to the reputable chemical engineering
journal Chemical Engineering and Processing - Process Intensification. Chapter 4, 5
and 7 of this thesis essential components of that manuscript.
b) Conference Abstract (Abstract 1) entitled “Thermodynamics of Hydrocarbon/Water
Systems: Challenges and a Binary Interaction Parameter (BIP) Based Modelling
Approach Using Experimental Data”. This Abstract was submitted in Canadian
Chemical Engineering Conference 2020. Chapter 6 and 7 report the experimental
results in this abstract

30

Chapter 4: Dynamic System Design

In this chapter, we introduce the CREC-VL-Cell apparatus allowing “dynamic”
measurements. The CREC-VL-Cell can measure both pressure and temperature
continuously throughout the run. Three (3) design aspects are reviewed in this chapter to
ensure the adequacy of the dynamic runs: (1) Heating of the cell, (2) Mixing in the cell and
(3) Measurements Validation.
While various phase equilibrium set-ups are proposed in the open literature, there is limited
availability of units adequate to investigate multicomponent mixtures. The CREC-VL-Cell
offers dynamic measurements to analyze phase equilibria in solid-liquid-liquid-gas in
multicomponent mixtures. It is anticipated that the proposed CREC-VL-Cell design will
become a valuable tool for experimental based thermodynamic phase equilibrium research.
4.1

Heating System

In the CREC-VL-Cell, heat is provided to secure a linear temperature with run time (linear
ramp). During “dynamic” measurements, both the total pressure and cell temperature are
simultaneously monitored. One should notice that for the designed CREC-VL-Cell, it was
observed that a selected 1.22 ℃/min heating ramp was viable for good “dynamic”
measurements.
Thus, the CREC-VL-Cell system was designed for heating both the heat transfer fluid
surrounding the cell and the CREC-VL-Cell itself to facilitate the “dynamic” method
implementation.
4.1.1 Temperature System
Figure 14 reports the cross-section image of the CREC-VL-Cell heating system designed
in Solidworks®. The CREC-VL-Cell heating system included three (3) main functions: (1)
it supplies a temperature ramp to the sample being studies, (2) it measures temperature and
pressure in real-time and (3) it allows quick sampling once the run completed.
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Figure 14. Cross-Section of the CREC-VL-Cell heating system
An electrically heated plate provides heat to the thermo-fluid filling an external aluminum
vessel. A magnetic stirrer mixes the thermo-fluid at 350 rpm. The agitated thermo-fluid
provides the forced convection required in the external thermofluid bath of the CREC-VLCell.
A temperature controller is connected to the stirred heated plate to provide feedback
control. The temperature controller of the CREC-VL-Cell provides a linear temperature
increase, with the temperature controller adjusting the electric power provide to the stirred
heated plate.
The linear temperature increase elevates the system pressure progressively in the closed
CREC-VL-Cell, with the selected 1.22 ℃/min ramp being adequate for the selected
dynamic runs. Temperature and pressure data are collected continuously by a data
acquisition system. The acquired physical properties can be analyzed with various
methods, such as isothermal and isobaric conditions. Consequently, consecutive VLE data
up to 120 ℃ can be achieved in 90 min.
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Chilled water can flow through a copper coiled heat exchanger. The heat exchanger
facilitates the readiness for the next experiment, reducing the sample temperature rapidly.
In terms of safety, the heat exchanger was implemented for reducing hazardous while
handling the warm heating oil.
Figure 15 reports a typical temperature measurement during the experiment. T1 and T2 are
temperature readings of the liquid sample, while T3 is the temperature of the thermo-fluid.
Typical, 100 mL of pure n-octane is used in every run in the CREC-VL-Cell. A data
acquisition module connects T1, T2 and T3 K-type thermocouples through a USB desktop.
This allows confirming that the temperature difference between the two locations in the
CREC-VL-Cell does not surpass 0.5 ℃ throughout the entire experiment, with differences
with the thermo-fluid temperature being limited to 10 ℃.

Figure 15. Temperature measurement points at T1, T2 and T3 for Pure n-octane
Figure 16 reports the CREC-VL-Cell as designed using Solidworks®. One can see the
positioning of the strategically located thermocouples to measure the liquid temperature.
Data from these two thermocouples are monitored to examine the local temperature
variations inside the CREC-VL-Cell. The average readings from these two thermocouples
allow establishing the average sample liquid temperature.
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Figure 16. CREC-VL-Cell illustration. Notes: (a) Exterior view, (b) Transversal
view with Pressure transducer, Thermocouples and Impeller type
One should note that the dynamic temperature method proposed in the present study, can
be implemented thanks to the high mixing provided by the CREC-VL-Cell impeller. This
high mixing is promoted by the fluid forced convection in the cell, making thermal
gradients small. This mixing effect will be discussed further in Chapter 4.2
4.1.2 Pressure System
The total pressure is measured in the CREC-VL-Cell using a pressure transducer connected
to a desktop USB, which converts the pressure data into an electric signal. The data
acquisition program records the continuous vapor phase during every experiment. The
pressure data is acquired in real-time, together with the temperature data. This enabled the
establishment of the sample physical properties needed for thermodynamic vapor-liquid
model validation.
While the CREC-VL-Cell involves a simple digitalized pressure measuring system,
pressure misreadings due to the leakage are a challenging issue. This is particularly the
case, considering the CREC-VL-Cell must be operated at 1080 rpm impeller speed and up
to 3.5 atm pressure.

34

4.1.3 Thermo-fluid
The thermo-fluid is a liquid material with a thermal conductivity allowing good heat
transfer to the CREC-VL-cell. Silicon oil is a widely used thermo-fluid given its inertness
[138]. However, due to the high viscosity of the silicone oil with limited forced convection
in the CREC-VL-Cell, it is considered inadequate for dynamic measurements. Thus,
several fluid candidates can be considered as a thermo-fluid alternative given their physical
properties as reported in Table 3
Table 3. Physical Properties of Possible Thermo-fluid candidates.
Properties

Water

Silicone oil

Engine oil

Corn oil

Viscosity (cp) at 40℃

0.6

55.0

30.0

31.0

Boiling point (℃)

100

374

300

300

Flash point (℃)

-

160

215

320

Smoke point (℃)

-

-

-

230

Thermal Conductivity
(W/(m*K) at 20℃

0.59

0.12

0.15

0.17

Economic factor

0.01

1.00

0.50

0.05

Notes: (a) Viscosity governs the required forced convection, (b) Boiling point, Flashpoint
and Smoke point determine the material usage temperature limit, (c) Thermal conductivity
governs the heat transfer, (d) Economic factor determines the price based on Silicone oil
commercial cost as a reference.
Viscosity is a significant property which determines the required forced convection in the
CREC-VL-Cell. Since the magnetic stirrer agitates the thermo-fluid, high viscosity
negatively affects fluid mixing. One should note that limited forced convection yields
irregular heat transfer in the CREC-VL-Cell, with the lower cell sections gaining
comparatively more heat than the top cell section. Therefore, a low viscosity thermo-fluid
is advisable to promote good heat transfer.
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Regarding the thermofluid boiling point range, the present study offers choices. In this
respect, the thermo-fluid for the present study must have a higher boiling point than 150
℃ to investigate naphtha recovery.
The thermal conductivity is as well, a parameter defining how much heat can be transferred
through the material. In our case, heat must flow from a heated plate to an aluminum vessel
and then to a thermo-fluid before it moves to the sample being studied. Table 3 reports that
𝑊

corn oil has a 0.165 𝑚∙𝐾 thermal conductivity, which shows that corn oil transfer heat more
rapidly than silicon oil or engine oil
The flashpoint and the smoke point are two other properties to be considered in terms of
health and safety. The oil flashpoint is given by the ignition oil temperature having a heat
source nearby. Corn oil has a 320 ℃ flashpoint, with this flashpoint being higher than
silicon oil and engine oil-which. The smoke point is given by the temperature level when
a cooking oil starts burning the fatty acid fraction, fuming to the vapor phase. In this regard.
Corn oil should be used below 230C smoke point in all applications, preventing the
emission of hazardous gases and reduction of utilization time.
The economic factor addresses a cost comparison based on the price of silicon oil. In this
respect, one can notice that corn oil does not only have adequate physical properties in
CREC-VL-Cell but is merely 5 % of silicon oil cost.
Figure 17 compares the temperature ramp of the present study, using silicon oil and corn
oil. The temperature controller sets the linear ramp at 1.22 ℃/min for both thermo-fluids.
One can observe that corn oil provides a much more stable heating rate than silicone oil.
This linearly increasing temperature with corn oil is due to the combination of lower
viscosity and heat conductivity.
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Figure 17. Temperature changes of Silicon Oil and Cooking Corn Oil at different
times
4.1.4 CREC-VL-Cell Positioning
The vessel containing the thermo-fluid was sized to allow a consistent and repeatable
temperature ramp in the CREC-VL-Cell sample. Elevated temperature from thermo-fluid
should provide an equal thermal level to the vapor and liquid phases. Therefore, the
thermo-fluid must contact the entire CREC-VL-Cell.
Figure 18 compares the Thermo-fluid vessel size difference designed in Solidworks®. The
large vessel type can cover the entire CREC-VL-Cell height, while the small vessel covers
only 80 % of CREC-VL-Cell height. The small vessel type was initially designed to reduce
Thermo-fluid consumption and energy waste.
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Figure 18. Illustration of Thermo-fluid Vessel size difference. Notes: (a) Small Vessel
type (Left) covers 80 % of CREC-VL-Cell height, (b) Large Vessel type(right) covers
CREC-VL-Cell completely.
Figure 19 describes how the thermo-fluid vessel size affects the thermal equilibrium for 2
wt% n-octane + 98 wt% water mixture. One should note that a close difference between
liquid temperature and gas temperature, desired condition for thermal equilibrium, was
only achieved with the high thermal level as described in Figure 19.
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Figure 19. Liquid temperature and Gas temperature comparison during the CRECVL-Cell running. Notes: (a) Thermal equilibrium is a reference where gas and liquid
have the same temperature, (b) Low Thermo-fluid level is a condition of using the
small vessel type, (c) High Thermo-fluid level is a condition of using the large Vessel
type.
As well, it was observed that 350 rpm impeller speed in the thermofluid vessel was also
required to minimize the thermal gradients, between the top and bottom regions of the
CREC-VL-Cell.
4.2

Mixing System

Mixing affects the dynamic thermodynamic equilibrium measurements. The CREC-VLCell is equipped with an impeller allowing good mixing of the hydrocarbon-water samples.
Mixing in a multicomponent system may accelerate mass transfer between the continuous
phase and dispersed phases [139]. A concentration gradient is a main driving force to
transfer the mass between different phases and components. Thus, mixing helps to move
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fluid elements from a high concentration region to a low concentration region.
Furthermore, good mixing is critical in solid-liquid multiphase systems because aggregates
may disturb the phase equilibrium. In this respect, a high mixing may help to redistribute
the droplets and reduce the aggregate sizes.
Also, heat transfer is enhanced by improving mixing. Temperature difference drives heat
fluxes between phases. Mixing can force fluid motion and heat transport, with convection
and conduction being the dominant heat transfer mechanisms [140].
In this chapter, phase mixing is studied for n-octane/water and solid/n-octane/water
multicomponent blends. A high-speed camera is also used to analyze mixing. As well, the
operation of an electrically driven stirrer is monitored using a delivered torque-speed
relation. Based on these observations, the influence of various cell geometrical factors is
established.
4.2.1 Video Analysis
Fluid dynamic visualization allows one to determine homogenous mixing and relate it to
the associated cell geometrical factors. A high-speed camera with 240 frames per second
(FPS) was used to analyze mixing patterns. The video sequences recorded with the highspeed camera show fluid motion at ten (10) times slower speed than the 24 FPS of a regular
video. To proceed with the visualization experiments, a Plexiglass transparent unit, with
the same dimensions as the CREC-VL-Cell, was built.
A 2 wt % n-octane + 98 wt% water blend was selected to represent a liquid blend for the
video analysis. For the 2 wt % n-octane + 98 wt% water blend, a dye is required to analyze
mixing, given blend components are colorless. To address this, 0.0001 wt% black bitumen
was chosen to dye the n-octane phase, given its non-polar character.
Figure 20 reports the typical batch stirred tank dimensions. One should note that
determining dimensionless numbers in the CREC-VL-Cell is a difficult task, given the
complex cell geometry. Despite this, fluid flow visualization was considered using a close
CREC-VL-Cell geometry.
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Figure 20. Batch Stirred tank shape factors: (a) T = Tank diameter, (b) H = Liquid
depth, (c) D = Impeller diameter, (d) C = Off-bottom clearance.
4.2.2 Sample Volume
Figure 21 compares the influence of the sample volume for 2 wt% n-octane + 98 wt% water
mixture. Both 100 mL and 140mL sample volumes are studied. One can observe that for
the 140mL sample, the impeller speed at 1080 rpm appears to be inadequate. Reduced
dispersion causes bigger n-octane droplets, with n-octane aggregation in the impeller and
shaft regions.
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Figure 21. CREC-VL-Cell Mixing Video analysis for 2 wt% n-octane + 98 wt% water
on 100mL and 140mL volumes. Mixing speed: 1080 rpm
Furthermore, Figure 22 reports vapor pressure for 100mL and 140 mL samples. One can
notice that for the 140mL volume sample, there is insufficient dispersion, leading to
reduced vapor pressure. This difference is, however, minimized considerably at 110 ℃.
Thus, dynamic measurements in the 30-110C have thus to be restricted to sample volumes
not exceeding 100mL.
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Figure 22. 𝑷𝒎𝒊𝒙 for 2 wt% n-octane + 98 wt% water in the 20 ℃ to 110 ℃ range.
Notes: (a) Saturation pressure using the immiscible model (red dash line), (b) 100 mL
volume sample (orange filled square mark), (c) 140 mL volume sample (blue filled
triangle mark), (d) 1080 rpm mixing speed is used, (e) Vertical bars represent
standard deviation for at least three experimental repeats.
4.2.3 Impeller
Homogenous multiphase dispersion is required in multicomponent systems. Density
differences combined with limited solubility may cause phase separation. Increasing the
mixing speed does not entirely solve this problem. Hence, adequate mixing patterns must
be induced as well, via the selection of a suitable impeller type.
Figure 23 illustrates the marine type impeller used in CREC-VL-Cell. The marine type
impeller provides a flow pattern with a significant fluid axial velocity component so that
various phases are mixed without phase stratification. Furthermore, marine type impeller
may contribute to forced heat convection as well. Since the CREC-VL-Cell bottom region
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is close to heated-plate, the axial forced convection helps maintaining a close thermal level
in all regions of the cell.

Figure 23. Description of Marine Type Impeller Used in the CREC-VL-Cell
In addition to the lower section marine impeller, a marine impeller is also placed in the
upper cell gas phase section. Thus, and altogether, the CREC-VL-Cell is equipped with
two marine impellers: one at the bottom liquid section and a second one at the gas upper
section. One should mention that the gas impeller also contributes to the gas mixing in the
upper cell so that both liquid and gas phases are kept under turbulent flow conditions.
Figure 24 describes the different marine type impeller positions to disperse the immiscible
mixture. One can see that 7.0 cm impeller height position provides insufficient multiphase
dispersion. Therefore, a smaller impeller height position of 2.5 cm or below is required to
provide a good multiphase dispersion.
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Figure 24. CREC-VL-Cell Mixing Video analysis for 2 wt% n-octane+ 98 wt% water
depending on impeller position Notes: C represents impeller clearance from the
bottom to the impeller tip
Figure 25 compares the thermodynamic data obtained with variable impeller clearance
height. For 7.0 cm impeller clearance height shows a deviation in the 90-110 C range.
Therefore, one can observe that the unstable mixing patterns led to incorrect lower mixing
saturation pressure.
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Figure 25. 𝑷𝒎𝒊𝒙 comparison between 2.5 cm clearance impeller position (Orange
filled square mark) and 7.0 cm clearance impeller position (Blue filled triangle mark)
in the 20 ℃ to 110 ℃ range. Notes: (a) Summation of water and n-octane saturation
pressure is used to represent a completely immiscible model (Red dash line), (b) 1080
rpm mixing speed is used, (c) Vertical bars represent standard deviation for at least
three experimental repeats.
Another issue of importance, as reported in Figure 26, is the axial impeller position while
using a silica sand/naphtha/water mixture. In this respect, the effect of impeller axial
positions was tested again. One can notice that silica sand tends to segregate in the lower
section while using the 7.0 cm axially positioned impeller. However, when selecting the
1.5 cm axially positioned impeller, well-dispersed solid/hydrocarbon/water dispersion is
obtained. Hence, one can conclude that the 1.5 cm axially placed impeller position is
adequate in the CREC-VL-Cell for achieving good multicomponent mixing.
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Figure 26. CREC-VL-Cell Mixing Video analysis for 78 wt% water + 20 wt% Silica
sand + 2 wt% naphtha mixture depending on impeller position Notes: C determines
impeller clearance height from bottom to the impeller tip
4.2.4 Baffle Design
Regarding the selected marine impeller for the CREC-VL cell, it can present several issues
such as: (a) limited radial mixing, (b) vortex formation. Vertical baffles can reduce these
issues, inducing tangential liquid motion [116]. Figure 27 describes the vertical baffle used
in CREC-VL-Cell. One can see that with the selected baffle design, the vertical baffle
section immersed in the liquid phase can be adjusted. So, the influence of the vertical baffle
length positioning on mixing can be established.
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Figure 27. Description of Selected CREC-VL-Cell Baffle System
Figure 28 reports the mixing as a function of the baffle axial position. One can observe that
vertical baffles placed close to the interface [137] are good on breaking the liquid vortex.
However, vertical baffles immersed in the liquid phase are not so effective, creating a less
well-mixed top liquid section.
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Figure 28. CREC-VL-Cell Mixing Video Comparing Interface Baffle and Internal
Baffles for 20 wt% n-octane + 80 wt% water sample. Notes: (a) 240 Frames Per
Second high-speed camera, (b) n-octane contains 0.001 wt% bitumen dye.
Figure 29 reports a comparison of vapor pressure measurements using vertical baffles
placed in the gas-liquid near interface or alternatively partially immersed baffles in the
liquid. One can notice that internally placed vertical baffles, shows lower vapor pressure
than the ones obtained with interface positioned vertical baffles. This reduced vapor
pressure for vertical baffles immersed in the liquid phase, is assigned to the insufficient
phase dispersion in the CREC-VL-Cell, with vertical baffles near the interface being a
preferred position. Thus, vertical baffles strategically placed in the near gas-liquid interface
are recommended, as is implemented in the various CREC-VL-Cell runs of the present
study.
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Figure 29. 𝑷𝒎𝒊𝒙 comparison between Interface baffle (Orange filled square mark)
and Internal baffle (Blue filled triangle mark) in the 20 ℃ to 110 ℃ range. Notes: (a)
Summation of water and n-octane saturation pressure is used to represent a
completely immiscible model (Red dash line), (b) 1080 rpm mixing speed is used, (c)
Vertical bars represent standard deviation for at least three (3) experimental repeats.
4.2.5 Impeller Speed
Regarding impeller speeds, insufficient mixing speed causes stagnant regions in the CRECVL-Cell. Poor mixing deteriorates the quality of thermodynamic equilibrium
measurements, with this being assigned to limited mass transfer via a phase layer
separation. Therefore, high-speed mixing is required for adequate “dynamic” runs.
However, excessive mixing speed can bring out operational problems.
Figure 30 shows pure water mixing with this being a function of the impeller mixing speed.
At 1500 rpm mixing speed shows cavitation. Cavitation may lead to a bubble formed in
the liquid due to the rapid pressure change [141]. This bubble formation and bubbles
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collapse could damage the impeller as a result of the material fracture. Furthermore,
excessive friction is a disadvantage of over-mixing. High friction could damage both the
shaft and the packing cones. Damage of packing cones can lead to pressure leak, with
significant errors in vapor pressure measurements.

Figure 30. CREC-VL-Cell mixing video analysis compared to mixing speed for 1080
rpm (Left) and 1500 rpm (Right).
As a result, it was found that a good compromise for having good mixing with no influence
of cavitation is to operate the impeller in the 1080-1200 rpm range. The impeller velocity
range was the one used, in various vapour-liquid equilibrium measurements in the present
study.
4.3

System Validation

4.3.1 Thermal Equilibrium Validation
Thermal equilibrium in a fluid is reached when all fluid elements either gas or liquid have
the same temperature [142]. In order to check that close to thermal equilibrium was
achieved in the CREC-VL-Cell, two thermocouples were placed in the liquid phase and
one thermocouple in the gas phase. With this end, the two temperature readings in the
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liquid phase of the CREC-VL-Cell, were averaged and compared with the temperature
readings in the gas phase.
Figure 31 compares the temperature between the liquid phase and the gas phase for 2 wt%
n-octane + 98 wt% water mixture, using a 1080 rpm impeller speed. Table 4 also reports
the temperatures recorded during a “dynamic” run. One can see that the liquid temperature
and gas temperature are very close at all times, with the relative error between them being
always smaller than 1.6 %. One can notice that this error is being even smaller in the 60 100 C range. Therefore, one can conclude that the CREC-VL-Cell operated at 1080 rpm
provides stable thermal equilibrium at all conditions examined in the 30 - 100 C range.

Figure 31. Liquid temperature (x mark) and Gas temperature (square mark) on
dynamic measurement condition. Notes: (a) Relative error (red solid line) indicates a
discrepancy between liquid and gas temperatures, (b) 2 wt% n-octane + 98 wt%
water mixture is used on the test.
Table 4. Liquid temperature, Gas temperature and Relative error data on dynamic
measurement condition. Notes: (a) Relative error (red solid line) indicates a
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discrepancy between liquid and gas temperatures, (b) 2 wt% n-octane + 98 wt%
water mixture is used on the test.
Liquid Temperature (°C)

Gas Temperature (°C)

Relative Error (%)

30.04

29.85

0.63

40.12

39.89

0.57

50.15

50.38

0.45

60.43

60.49

0.09

71.01

70.76

0.35

80.00

79.77

0.28

90.20

89.82

0.42

101.25

100.7

0.54

110.71

110.12

0.54

4.3.2 Dynamic System Validation
The CREC-VL-Cell measures both pressure and temperature while using a 1.22 ℃/min
heating rate ramp, in the 30 ℃ to 120 ℃ range. In order to validate the “dynamic”
measurements, results were compared with those of a designated “static” method. In the
static method, the cell temperature is kept constant at a preset value during an extended
time period.
Figure 32 reports the “static” method temperatures and compared them with the ones from
dynamic runs. During the “static method” the following steps are adopted: a) the heating
ramp is paused at 40 minutes, b) a pre-set temperature is kept at the target level for 38
minutes, c) concluded this, the heating ramp is restored employing a 1.22 ℃/min ramp.
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Figure 32. Temperature (Purple filled circle mark) and Pressure (Red filled diamond
mark) change for 2 wt% n-octane + 98 wt% water at various running times. Notes:
(a) Heating ramp is paused at 40 min to valid static measurement condition, (b)
Heating ramp is reactivated after the Static method is maintained for 38 mins, (c)
1080 rpm mixing speed is used
Figure 33 compares the vapor pressure-temperature using “static” and “dynamic”
measurements in the CREC-VL-Cell. The yellow highlighted box reports the region where
the “static” and “dynamic” measurements are compared. Thus, one can see that
temperature and pressure from both methods are essentially identical, which validates the
applicability of the dynamic measurement technique.
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Figure 33. 𝑷𝒎𝒊𝒙 comparison between static measurement condition (black filled
square mark) and dynamic measurement condition (blue solid line) in the 30 ℃ to 90
℃ range. Notes: (a) Static method is in the yellow highlighted region, (b) Relative
error (red solid line) indicates a discrepancy between the static method test and
dynamic method test, (c) 1080 rpm mixing speed is used.
For better visualization of agreement, Figure 34 reports an expanded in the 66 ℃ to 75 ℃
range. One can see that the “static” method shows a good agreement with the “dynamic”
method with less than 1 % relative error deviation.
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Figure 34. 𝑷𝒎𝒊𝒙 comparison between static measurement condition (black filled
square mark) and dynamic measurement condition (blue solid line) in the 66 ℃ to 75
℃ range. Notes: (a) Static method is in the yellow highlighted region, (b) Relative
error (red solid line) indicates a discrepancy between the static method test and
dynamic method test, (c) 1080 rpm mixing speed is used.
As a result, one can conclude that “dynamic” runs in the CREC-VL-Cell were validated
using the “static” method, a typical approach in conventional VLE apparatus. One should
note that the static method is time-consuming and tedious [143]. On the other hand, using
the “dynamic” method in the CREC-VL-Cell many temperature-pressure conditions are
evaluated in a single run, which provides significant strength to the thermodynamic
equilibrium studies developed.
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4.4

Conclusions

(1) The CREC-VL-Cell operated at dynamic conditions (1.22 ℃/min heating ramp)
successfully measures temperatures and pressures at phase equilibrium. The
dynamic operation is validated by comparing it with a conventional static method.
The relative errors between dynamic and static methods are less than 1.0 %.
(2) The CREC-VL-Cell bath operated with low viscosity and high thermal conductivity
cooking corn oil, as the thermo-fluid is adequate to provide the needed impeller
driven forced convection.
(3) The CREC-VL-Cell position in the thermo-fluid bath is successfully optimized
with minimum temperature differences between the gas phase and the liquid phase.
The relative error between phases is less than 1.6 % in the entire experiment.
(4) The CREC-VL-Cell mixing is positively established using a 240 FPS high-speed
camera and a Plexiglass unit replica. Bitumen traces in the n-octane phase are
employed to follow the n-octane droplets in these videos.
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Chapter 5: Materials and Experimental Methods

This chapter describes the properties of various component mixtures, such as
hydrocarbons, water and solids, used in the present study. Regarding hydrocarbon mixtures
employed, they emulate the typical naphtha. In this respect, the adequacy of the
composition of the selected naphtha, is validated using the experimental and simulated
vapor pressures in the CREC-VL-Cell and using Aspen Hysys®.
Following this, this chapter describes the experimental methodology. First, the CREC- VLCell equipment and data acquisition software are reviewed, showing the consistency with
ASTM D5191-13 methodology advised for vapor pressure measurements.
5.1

Materials

5.1.1 Hydrocarbon Species
The multicomponent system of the present study involved water, n-hexane, n-heptane, noctane, n-decane and n-dodecane as hydrocarbon chemical species.
Regarding water, deionized water was used in all the experimental studies. Concerning the
alkanes, they were obtained from Sigma-Aldrich. Table 5 reports their main properties
including purity, water content and with these properties established using gas
chromatography and Karl Fisher titration, respectively.
Alkanes are non-polar compounds, which are partially miscible liquids in water. Thus, in
the wastewater system, this represents a challenge given the fact that it undermines the
water and hydrocarbon separation process performance [144]. Despite this slight
hydrocarbon solubility in water, the potential negative impact on the environment may be
significant.
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Table 5. Properties1 of Alkanes
Properties

n-hexane

n-heptane

n-octane

n-decane

n-dodecane

Formula

𝐶6 𝐻14

𝐶7 𝐻16

𝐶8 𝐻18

𝐶10 𝐻22

𝐶10 𝐻22

Molar weight (g/mol)

86.18

100.20

114.23

142.28

170.33

Purity (%)

>97.0

>96.0

>99.0

>99.0

>99.0

Water content (%)

0.01

0.02

0.00

0.01

0.00

Silica sand and clay [145] are two solid materials that are involved in the multicomponent
blend from heavy oil sand mining. Therefore, their physicochemical behavior in the
partially miscible hydrocarbon-water mixture is relevant. In addition, the research on the
effects of using silica sand in these multiphase derived mixtures from oil sand processes is
also relevant [146].
Table 6 reports the properties of silica sand and clay. Silica sand and kaolin clay were
obtained from the Lane Mountain Company and Edgar Minerals, respectively. Silica Sand
involves a 99.9 % crystalline silica phase, while Kaolin Clay contains a 99.9 % Kaolinite.
Both solids are insoluble in water. However, the particle size, solid surface area and solid
dissolution may influence the effectiveness of the hydrocarbon-water separation processes
[147].

1

For more properties information refer to Mateiral Safety Data sheets from Sigma-Aldrich
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Table 6. Properties of Oil Sand Solids
Properties

Silica Sand2

Kaolin Clay3

Formula

𝑆𝑖𝑂2

𝐴𝑙2 𝑆𝑖2 𝑂5 (𝑂𝐻)4

Specific Gravity

2.65

2.65

Median Particle size (𝜇𝑚)

554.79

1.36

Solubility

Insoluble

Insoluble

BET Surface Area (𝑚2 /𝑔)

0.83 [148]

30.62

Silica sand and kaolin clay may also be involved in the Naphtha Recovery Unit with
different particle sizes: kaolin clay contributes with fine particles (1.36 microns average),
while silica sand with relatively large particle (553 microns average). Although solids
compositions may vary, a good average can be simulated using 70 wt% Silica sand and 30
wt% kaolin clay [149].
5.1.2 Synthetic Naphtha
Naphtha can be defined as a liquid hydrocarbon mixture refined from crude oil [150]. In
the oil sand industry, naphtha is used as a diluent to reduce the viscosity of bitumen
allowing it to flow through the pipelines [145]. Also, the naphtha reduces density and
viscosity of the bitumen so that water and solids can be easily separated in gravity settlers
and centrifuges.
NRU is a separation unit column to treat wastewater stream from Froth Treatment Unit
with naphtha losses being a significant issue. Therefore, the thermodynamic behavior of
the diluted naphtha-water mixture is essential to increase the naphtha recovery.
Naphtha fractions can be divided into light naphtha and heavy naphtha components, with
this being a function of its boiling point. Light naphtha contains hydrocarbons with 5 to 6

2

For more properties information refer to EPK clay Safety Data Sheet from Edgar Minearal

3

For more properties information refer to Silica sand Safety Data Sheet from Lane Mountain Company
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carbon numbers, while heavy naphtha includes chemical species with 7 to 12 carbon
numbers [151].
Table 3 reports typical naphtha composition from the open literature sources [152]. Even
if naphtha is a complex hydrocarbon blend, its composition can be described using twentyseven (27) hydrocarbon species.
Table 7. Typical naphtha composition [152]
Component

wt% Component

wt%

Component

wt%

n-Butane

1.5

n-Octane

5.4

n-Hexane

8.6

1,3-Dimecyclohexane

7.0

2-Mheptane

2.4

2-Mpentane

6.0

n-Decane

7.0

Toluene

3.0

3-Mpentane

4.0

n-Nonane

2.6

m-cyclohexane

4.8

23-Mbutane

0.8

o-Xylene

1.0

n-Heptane

4.4

Cyclopentane

1.5

3-Moctane

2.7

3-Mhexane

3.8

n-Pentane

10.3

p-Xylene

1.9

2-Mhexane

2.8

i-Pentane

4.2

e-Benzene

2.0

Cyclohexane

2.8

26-Mheptane

1.9

Benzene

1.8

Ecyclohexane

2.0

Mcyclopentan

4.1

Total

100.3

Given the above, it was decided to represent in the present study, a typical naphtha using a
limited number of paraffinic components, designated as “synthetic naphtha” (SN).
Aspen Hysys® can be used to generate distillation curves for typical naphtha and report
them as temperature boiling points versus hydrocarbon mixture volume or mass fractions,
as in Figure 1 [153].
This can be accomplished using Aspen Hysys® with Oil Manager and specific naphtha
assay data which involve bulk properties, light ends and heavy ends, paraffinic, aromatic
and naphthenic fractions. Figure 35 describes the distillation curve for typical naphtha
using Aspen Hysys®. In this figure, the True Boiling Point (TBP) and ASTM D2887
distillation are compared, showing close agreement [154], [155].
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Figure 35. Typical naphtha distillation curve by using Aspen Hysys®. Notes: (a) Red solid
line represents True Boiling Point(TBP) – ASTM D2892 method, (b) Green solid line
represents ASTM D2887 method.
Regarding TBPs for synthetic naphtha, it can be described using close-cut fractions from
the distillation curve [156]. Pure components can be used to model these close-cut fractions
[157]. In the research, alkanes in the 6 to 12 carbon range were selected for the synthetic
naphtha, including n-hexane, n-heptane, n-octane, n-decane, n-dodecane to cover the entire
naphtha boiling point.
Table 8 reports the simulated naphtha composition using: a) 60 wt% of n-octane, b) 22
wt% n-heptane and 10 wt% n-hexane to account for the light ends and c) 6 wt% n-decane
and 2 wt% n-dodecane for representing the heavy ends.
Table 8. Synthetic Naphtha Composition
n-hexane

n-heptane

n-octane

n-decane

n-dodecane

10 wt%

22 wt%

60 wt%

6 wt%

2 wt%

Figure 36 reports a comparison of vapor pressure for a typical Naphtha [152] using Aspen
Hysys®, and the experimentally observed vapor pressure for synthetic naphtha as per Table
4. Peng-Robinson fluid package is used in the Aspen Hysys® for simulations. The
experimentally observed saturation vapor pressure of synthetic naphtha was measured by
using a CREC-VL-Cell. Note that a 1080 rpm impeller speed recommended for ensuring
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adequate mixing of liquid phases. Figure 36 reports that synthetic naphtha and Aspen
Hysys® typical simulated naphtha are in good agreement. As a result, the synthetic naphtha
of the present study involving five (5) alkanes is validated as a proper choice to simulate a
typical.

Figure 36. 𝑷𝒗𝒔𝒂𝒕 for naphtha in the range of 30 ℃ to 110 ℃. Notes: a) Aspen Hysys®
simulated typical naphtha (black solid line), (b) synthetic naphtha in the CREC-VL-Cell.
Note: Vertical bars represent standard deviations for experimental repeats.
On this basis, one can conclude that the results of Figure 36 show that synthetic naphtha
can be used to emulate typical naphtha thermodynamics in the CREC-VL-Cell, to study
the vapor pressure of different naphtha-water blends.
5.2

Experimental Methods

Figure 37 schematically describes the experimental CREC-VL-Cell assembly and its
operation. The numbers in Figure 37 describe the various steps required for data acquisition
during an experiment. On this basis, the data acquisition proceeds during a run are as
follows:
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(1) The temperature controller is set for delivering a 1.22 ℃/min rate heating ramp.
(2) The magnetic stirrer starts the agitation of the thermo-fluid, using a 350-rpm
rotational speed to induce fluid forced convection.
(3) Following this, the sample is loaded in the CREC-VL-Cell, and cell-top lid is
closed.
(4) The sample placed inside the CREC-VL-Cell, is mixed with the impeller speed at
1080 rpm.
(5) Both thermocouple and pressure transducer data are interfaced with the data
acquisition system to record both temperature and pressure in real time.

Figure 37. Schematic Description of CREC-VL-Cell Experimental Method
5.2.1 Preparation Steps
Regarding the experiments developed, and prior to each of them, the CREC-VL-Cell was
cleaned using a soft fabric before and after performing the VL equilibrium runs. To this
end, the bottle sampler was cleaned thoroughly to remove any contaminants. CREC-VLCell accessories, such as temperature controller and pressure transducer, were also
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disassembled to remove any condensed sample fraction and be ready for reliable
measurements preventing contamination of fluid from previous runs.
Regarding the cleaning steps, the following was adopted:
(1) Wash CREC-VL-Cell and accessories by using 2-propanol
(2) Wipe the CREC-VL-Cell and accessories with paper-towels
(3) Blow the CREC-VL-Cell and accessories using compressed air
(4) Vacuum the CREC-VL-Cell and accessories with a nozzle.
(5) After drying the CREC-VL-Cell and accessories, retighten the various components
well
(6) Cover the CREC-VL-Cell with the cell-top lid and check for pressure leaks using
compressed air.
(7) Store the CREC-VL-Cell and accessories in the laboratory fume hood to minimize
the contact with other laboratory contaminants.
(8) Collect the resulting chemical waste and dispose it via the university occupational
safety and health (OHS) regulations.
5.2.2 Sample Input to the CREC-VL-Cell
The sample for the experiment is fed to the CREC-VL-Cell sampler. One should note that
the typical recommended sample amount is 100 mL±10 liquid. An excessive amount of
liquid sample, typically over 110 mL, may be detrimental for good mixing and is not
recommended. To this end, 10 mL Syringes and a Laboratory Balance Scale are used to
feed the sample accurately to the CREC-VL-Cell.
Once the feeding of the sample is completed, the CREC-VL-Cell is covered with the celltop lid. The CREC-VL-Cell top lid holds three thermocouples (one for the gas phase, two
for the liquid phase), one pressure transducer, one impeller shaft and one septum. The
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septum allows the injection of the additional sample during the experiment. The lid is
secured with ten (10) bolts with an O-ring proving the cell sealing.
5.2.3 Temperature Controller4 Setup
An Omega™ i-series temperature controller and a thermocouple system helped delivering
a 1.22 °C/min temperature ramp in the CREC-VL-Cell.
Before using the temperature controller, the system must be autotuned. The autotuning
calculates the PID parameters of the CREC-VL-Cell. Process output variations are
monitored to decide the proper control rate. Note that the autotuning setpoint must be at
least 10 ℃ above the process value. Also, the Dumping factor has to be set to 0003 to
respond to the output changes during the Autotune [158].
To accomplish this, the following procedures have to be implemented:
(1) Ensure that no water remains in the heat exchanger copper line. The water residue
may cause high pressure to the copper line given that the CREC-VL-Cell is
designed to operate over 100 ℃. To accomplish this, it is recommended to open
the ball valves of the CREC-VL-Cell and blow the compressed air through the heat
exchanger line.
(2) Set the controller to STANDBY mode to prevent temperature increases during the
setup period.
(3) Select the operational temperature in the SETPOINT 1 (SP1) mode.
(4) Go to the CONFIGURATION (CNFG) menu and choose the RAMP mode. Set the
heating ramp rate by measurement time. Lastly, enable the RAMP setup. In this
regard, one should note that if one tests the dynamic condition, SOAK menu can
be applied to hold a temperature for the input time.

4

For more information check the user’s guide of the temperature and process controller i.series from
Omega™
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(5) Return to the main menu and release the STANDBY mode. When the system is
ready to run, set the temperature controller specifications:
(a) Warm-up rated desired accuracy during 30 min
(b) Accuracy: ±0.5 °C temp; 0.03 % reading process
(c) Resolution: 10μV process
(d) Temperature Stability: TC at 25°C, 0.05°C/°C
5.2.4 Hot-plate5 with Stirring Capabilities
The hotplate of the present study is equipped with a rotating magnetic field that secures via
a 60 mm magnetic stirring bar and a 350 rpm, good mixing in the 6.3 liters aluminum
thermo-fluid bath container. One should note that it is important to continuously monitor
thermo-fluid mixing, given viscosity of the fluids as in the thermo-fluid, may hinder
mixing. Reduced mixing may cause an unstable temperature ramp.
The aluminum thermo-fluid vessel is equipped with two thermocouples. One thermocouple
is connected to the temperature controller, while the other provides the temperature
readings for the data acquisition module in real-time.
The Hotplate with magnetic rotating filed has the following specifications:
(a) Voltage: 120 V; Current Intensity: 8.9 A; Power: 1070 Watts
(b) Max. Temperature: 540°C
(c) Max. Recommended Flask Size: 4 L for this type of plate size (7”x7”)

5

For more information refer to the Cimarec ™ Stirring Hot Plates: Operation Manual and Part List from
Thermo Scientific.
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5.2.5 CREC-VL-Cell Mixing Setup
After CREC-VL-Cell is immersed in the thermo-fluid, the impeller shaft is connected to
the electrical overhead starrier. While the impeller speed can cover the 0 to 1200 rpm range,
the 1080 rpm is the optimum speed selected for the present study. In this respect, lowmixing speed causes an undesirable and unstable dynamic condition during experiments.
On the other hand, the over mixing has to be avoided, given that this leads to cavitation.
Regarding the impeller shaft, it must be placed in a vertical position avoiding a tilt. A
slightly inclined impeller shaft leads to severe vibration and noise in the CREC-VL-Cell,
with vibration causing potential damage to the packing cones.
VELP Overhead Stirrer6 has the following procedures:
(1) Turn the switch “ON” to have the digital display in the overhead stirrer. The display
shows both the set impeller speed and actual impeller speed.
(2) Set the impeller speed and time are controlled by encoder knob.
(3) Press the encoder knob to activate the mixing timer and the stirring time
(4) Press the encoder knob for 3 seconds to check the torque trend value, with 10 ~ 15
minutes being required to obtain the exact torque trend.
Overhead Stirrer Specification:
(a) Admitted power supply: 110-230V, 50/60Hz (+/-10%)
(b) Max. input / output power: 120 W/180 W
(c) Weight: 2.5 Kg (5.5 lb); Dimensions (WxHxD): 80x215x196 mm (3.1x8.5x7.7
in)

6

For more information refer to the instruction Manual from VELP Scientifica (DLS Overhead stirrer
F201A0155).
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(d) Speed range at nominal load: 50-2000 rpm
(e) Maximum torque stirrer shaft: 40 Ncm
(f) Maximum stirring H2O volume: 25 L
(g) Clamping chuck range: from 1 to 10 mm
5.2.6 System Activation
Before the temperature controller is activated, 15 ~ 30 minutes must be allowed for the
system to reach an equilibrium. Liquid and gas temperatures must reach a steady-state
value where no further variation in the temperature occurs. When the system reaches
equilibrium, one has to active the temperature controller and start recording both the
temperature and pressure using the temperature acquisition software and pressure
acquisition software, respectively.
Regarding the Omega™ Temperature acquisition 7 system, one has to comply with the
following:
(1) Connect the multiple thermocouples to the data acquisition module. The module
connects to the desktop USB to record the temperature continuously.
(2) Set both the measurement method and thermocouple channels on the NEWSETTING menu.
(3) Create a NEW DATA menu file to save the data
(4) Press START RECORDING both time and temperature.
(5) View with the help from VIEW SPREADSHEET the time and temperature are
recorded. These data can be plotted using the VIEW GRAPH menu.

7

For more information refer to the Omega™ TC-08 user’s guide and for more details to the electronic
manual.

69

Concerning the Omega™ Pressure acquisition8 system one has to proceed as follows:
(1) Connect the pressure transducer cable to the desktop USB.
(2) Set the experimental steps on the CONFIGURATION menu.
(3) Press the START button on the CHARTING menu to plot the real-time pressure
data.
(4) Press the START button on the LOGGING menu to collect pressure data
continuously.
(5) Save the measured time and pressure data as recorded by pressing the SAVE AS
EXCEL button.
(6) Develop a final check, ensuring that both the reference readings of the gauge placed
on the CREC-VL-Cell lid and the data recorded by the pressure are the same.
5.2.7 Coil Cooling System
Regarding the cooling system, a heat exchanger coil was placed inside the thermo-fluid
bath. When required, normally following every experiment, cooling water was circulating
in the heat exchanger coil to reduce the temperature rapidly. This heat exchanger coil can
ensure operator safety reducing hazardous handling of hot thermo-fluid.
In order to use the heat exchanger coil, the following procedure was used:
(1) Disable the RAMP system and reduce the set temperature to 0 ℃ in the temperature
controller.
(2) Open the ball valves to allow the flow of cooling water through the coil heat
exchanges. Leave the ball valves open until the system temperature goes down to
20 ℃ or below.

8

For more information visit https://www.omega.ca/en/sensors-and-sensing-equipment/pressure-andstrain/pressure-transducers/p/PX409-VAC
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(3) Close the ball valves near the water chiller.
(4) Blow compressed air into the heat exchanger coil line to remove the remaining
water.
(5) Close all the ball valves to be ready for the next experiment.
5.2.8 CREC-VL-Cell System Disassembly
Once the cooling step is completed, the CREC-VL-Cell can be disassembled to get it ready
for a new experiment. To accomplish this, the following are the recommended steps:
(1) Unplug the various thermocouple from the CREC-VL-Cell,
(2) Loosen the overhead stirrer and disassembly the impeller shaft,
(3) Pull out the CREC-VL-Cell from the thermo-fluid and remove hexagonal bolts
from the CREC-VL-Cell lid,
(4) Remove the liquid sample from the CREC-VL-Cell by using a separation funnel.
Dispose of the waste in the designated bottle,
(5) Repeat the cleaning procedure as described in 5.2.1 Section.
One should note that the CREC-VL-Cell experimental method complies with the ASTM
D5191-13, Standard Test Method for Vapor Pressure of Petroleum Products (Mini
Method). The ASTM D5191-13 is a standard procedure for measuring vapor pressure of
petroleum products using automated vapor pressure instruments [159].
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5.3

Conclusions

(1) The CREC-VL-Cell experimental methods were developed carefully, accounting
for both accuracy of measurements as well as minimization of hazardous operating
conditions.
(2) Five Alkanes (n-hexane, n-heptane, n-octane, n-decane and n-dodecane) were
selected to emulate the boiling point of typical naphtha, with the resulting alkane
mixture designated as synthetic naphtha (SN). The resulting SN vapor pressures
were comparable to those of typical naphthas, as simulated by using Aspen Hysys
PR-EoS.
(3) A 30 wt% Silica sand and 70 wt% kaolin clay solid blend was chosen to emulate
solids in the Naphtha Recovery Unit.
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Chapter 6: Process Simulation Method

Aspen Hysys is a commercial simulator that can be used for process design as well as
process simulation. Furthermore, Aspen Hysys provides various fluid packages allowing
the prediction of vapor-liquid thermodynamics in multicomponent mixtures. These
thermodynamic models can be customized by changing the phase properties, such as
species interaction parameters. Therefore, in order to simulate the condition of the phase
equilibrium, both the fluid package and the modelling condition need to be carefully
chosen.
6.1

PFD Simulations

Adequate Process Flow (PFD) simulations are essential to compare with experimental
CREC-VL-Cell data. This successful PFD must rely on good thermodynamics.
Concerning the PFD, it must be as concise as possible with the minimum number of units.
In this study, two (2) mixers, a flash drum (Separator), and Adjust function are considered.
The “upstream” mixer (MIX-100) is selected to blend the water, hydrocarbons and air fed
to the Flash Drum. The Flash Drum delivers at the exit, two phases (liquid and vapor) in
equilibrium. These two Flash Drum phases are combined in a second “downstream” mixer
(MIX-101) unit to form a single outcoming stream. An Adjust function modifies the Flash
Drum total pressure until the total outcoming volumetric flow of the MIX-101 unit equals
the total volumetric flow fed to the Flash Drum. Thus, under these conditions, the VL
equilibrium data from the Aspen Hysys becomes equivalent to the data obtained in the
constant volume of CREC-VL-Cell.
Figure 38 reports the air/n-octane/water blend fed to the Aspen Hysys PFD. To accomplish
this, a 275 mL/h total steady volumetric flow is considered to perform an equivalent
separation as in the 275 mL constant volume CREC-VL-Cell. One should note that noctane, water and air feed compositions were selected to be identical as the initial
compositions in the CREC-VL-Cell.
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Regarding the Flash Drum temperature, the temperature was set at a given thermal level
(e.g. 60 C), where one would like to compare data with the one obtained in the CRECVL-Cell. Then, the total pressure in the Flash Drum (2-phase Separator) is modified using
an Adjust Function until the Flash Drum outlet combined volumetric flow becomes the
same as the incoming volumetric flow. To accomplish this, a Secant numerical method is
employed iterating the Flash drum total pressure until incoming and outcoming volumetric
flows are the same with a given set 0.01 mL/h tolerance.

Figure 38. Air/n-octane/water Process Flow Diagram in Aspen Hysys
Once this process of calculation completed, iterative total pressure calculation is repeated
at a different thermal level, and this until the entire range of temperatures of interest are
covered (e.g. 30-110C).
Figure 39 reports a similar Aspen Hysys process simulation for the air/synthetic
naphtha/water mixture. In this case, a hydrocarbon blend, designated as synthetic naphtha,
which includes paraffinic hydrocarbons, is considered. In the modified PFD of Figure 39,
synthetic naphtha is prepared from its constitutive components using a Mole Balance unit,
with the rest of the PFD remaining the same as for the n-octane/water systems. The revised
PFD thus includes two mixers, a flash drum (2 phase separator), and an Adjust total
pressure module.
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Figure 39. Air/Synthetic Naphtha/Water Process Flow Diagram in Aspen Hysys
6.2

Thermodynamic Model

Regarding vapor-liquid equilibrium, the thermodynamic package adopted is one of the
most important choices in process simulation. Given the high-water content and lowhydrocarbon concentrations in the 30 – 110 ℃ range to be studied, in one hand, the NRTL
and the UNIQUAC activity coefficient models and, on the other the PR-EoS models are
package candidates for water/hydrocarbon equilibrium calculations.
However, the activity coefficient models for the n-octane/water system in Aspen Hysys
show discrepancy with the saturation vapor pressure of 2 wt% n-octane + 98 wt% water,
as shown in Figure 40.
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Figure 40. The saturation vapor pressure estimation with different thermodynamic
models in Aspen Hysys. NRTL and UNIQUAC give essentially the same prediction,
thus blue and black lines cannot be distinguished. Note: The mixture of 2 wt% noctane + 98 wt% water + air is used for all thermodynamic models
One possible reason for the discrepancy can be traced to the Binary Interaction Parameters
(BIPs) of the activity coefficients. One should note that the built-in BIPs are set into zero
both for NRTL and UNIQUAC models. Therefore, in our view, the NRTL and UNIQUAC
models have to be further reviewed.
However, one can also observe in Figure 40 that the PR-EoS does not show these issues
and can be used to simulate n-octane/water and synthetic naphtha/water VL equilibrium
blends.
The following from Figure 41 to Figure 43 shows a methodical comparison of experimental
data and the PR-EoS simulations for n-octane/water/air blends, while Figure 44 and Figure
45 show a systematic synthetic naphtha/water/air mixtures. One can see, in all cases,
moderate over-prediction provided by PR-EoS model
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Figure 41. The saturation vapor pressure estimation with PR-EoS thermodynamic
models in Aspen Hysys. Note: The experimental data of 0.1 wt% n-octane + 99.9 wt%
water + air is used to compare with the simulation results

Figure 42. The saturation vapor pressure estimation with PR-EoS thermodynamic
models in Aspen Hysys. Note: The experimental data of 0.25 wt% n-octane + 97.5 wt%
water + air is used to compare with the simulation results
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Figure 43. The saturation vapor pressure estimation with PR-EoS thermodynamic
models in Aspen Hysys. Note: The experimental data of 1.0 wt% n-octane + 99.0 wt%
water + air is used to compare with the simulation results

Figure 44. The saturation vapor pressure estimation with PR-EoS thermodynamic
models in Aspen Hysys. Note: The experimental data of 2.5 wt% synthetic naphtha +
97.5 wt% water + air is used to compare with the simulation results
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Figure 45. The saturation vapor pressure estimation with PR-EoS thermodynamic
models in Aspen Hysys. Note: The experimental data of 4.0 wt% synthetic naphtha +
96.0 wt% water + air is used to compare with the simulation results
As a result, one can conclude that the CREC-VL-Cell data of the present study, obtained
with n-octane in water and SN in water blends provide a thorough validation of the PREoS model.
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6.3

Conclusions
(1) A continuous PFD Hysys Aspen model can be used to simulate the “batch” dynamic

conditions of the CREC-VL-Cell. This is achieved using an Adjust function which
enables to correct the total system pressure until unit incoming and outcoming
volumetric flows are identical.
(2) The Peng Robinson Equation of the State (PR-EoS) provides a good first

approximation to simulate the total pressure at various thermal levels in
hydrocarbon/water blends using Aspen Hysys. The PR-EoS model is validated
using T-P data obtained in a CREC-VL-Cell
(3) The alternative activity coefficient models (NRTL and UNIQUAC) do not display

the same ability as the PR-EoS with this being assigned to built-in Binary
Interaction Parameters set as zero.
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Chapter 7: Experimental Data Results and Discussion

This chapter reports experimental thermodynamic data obtained in a CREC-VL-Cell, using
the dynamic method. The CREC-VL-Cell allows the studying of the vapor pressure for
water/hydrocarbon samples from the oil sand separation units. Therefore, the complexity
of the mixture goes beyond single components. It can include binary mixtures such as noctane/water and naphtha/water and tertiary blends such as n-octane/solids/water.
Regarding the air contained in the CREC-VL-Cell, our experience shows that it cannot be
completely removed from the cell. Thus, a correction is implemented using the gas state
equation at close to ideal gas conditions. The adequacy of this correction method is
validated with the empty CREC-VL-Cell.
Twelve (12) different n-octane/water compositions are measured with the standard CRECVL-Cell dynamic method. The measured saturation vapor pressure and temperature are
used to calculate the species molar fraction in the mixture.
In this chapter, Pressure and Temperature data are provided for water/synthetic naphtha,
with the synthetic naphtha composition determined. Various impeller mixing speeds and
their effect on vapor pressure were compared to ensure the adequate environment for the
synthetic naphtha/water system. Furthermore, different synthetic naphtha/water
compositions are investigated to represent the NRU composition.
Vapor pressures for the n-octane/solids/water mixtures are also considered valuable to
provide informative data for the oil sand industry, given the considerable amount of solids
contained in various process streams. Hence, silica sand and clay were also blended with
n-octane and water to establish the effects of solids vapor pressure.
7.1

Air Contained Fraction Correction

Conventional vapor-liquid equilibrium tests consider a degassing process [79]. It is
believed, however, that the degassing method alters the total pressure. Thus, an alternative

81

experimental method is implemented in the CREC-VL-Cell accounting for the air
contained, via an air contained factor pressure correction.
In addition, the proposed “Air Contained Fraction Correction” may have the following
advantages:
(1) Measurement time
The degassing method takes at least 8 hours to ensure vacuum conditions [75].
Hence, the “Air Contained Fraction Correction” allows measurements saving
degassing time.
(2) Research Cost
The degassing process involves a vacuum pump and a sample injector [70]. The
“Air Contained Fraction Correction does not require this extra equipment.
(3) Experimental Repeatability
Regarding runs repeatability, one should note that runs involve a multiphase
system, with solids, water and hydrocarbons. Feeding liquids and solids can be
achieved accurately. However, high mixing is a challenging issue that must be
controlled to reduce uncertainty. This is achieved in the CREC-VL-Cell using an
air driven mixing device with no mechanical parts, operated slightly above
atmospheric pressure. Implemented sealings secure minimum sample loss and
adequate total pressure readings.
To proceed to calculate vapor pressure from total pressure, using the “Air Correction
Factor”, one can consider the ideal-gas law since air at close to atmospheric pressure
behaves as an ideal gas [160].
The “Air Correction Factor” , thus, involves the calculation of moles of air in an empty
CREC-VL-Cell operating at room temperature and pressure as follows,
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𝑛𝐴𝑖𝑟 =

𝑃𝐴𝑖𝑟 𝑉𝑇𝑜𝑡𝑎𝑙
𝑅𝑇

Equation 29

Where,
𝑛𝐴𝑖𝑟 = the number of air moles in the CREC-VL-Cell, 𝑃𝐴𝑖𝑟 =1.01 atm, the atmospheric
pressure in London, Ontario, 𝑉𝑇𝑜𝑡𝑎𝑙 = 0.275 L, the total CREC-VL-Cell volume, 𝑅 = 0.082
𝑎𝑡𝑚∙𝐿
𝑚𝑜𝑙𝑒 ∙𝐾

, universal ideal gas constant, T = 293.15 K, the room temperature.

As a result, the total numbers of moles contained in the CREC-VL-Cell, given Equation
29, can be calculated as 𝑛𝐴𝑖𝑟 = 0.0116.
Furthermore, the air in the CREC-VL-Cell affects pressure readings at every temperature,
as follows,
𝑛𝐴𝑖𝑟 𝑅𝑇
− 𝑃𝐴𝑖𝑟 ) × 14.7
𝑉Total

𝑃𝐴𝑖𝑟 = (

Equation 30

Where,

𝑃𝐴𝑖𝑟 = theoretically calculated “Correction Air Factor” in the CREC-VL-Cell in Psia,
𝑛𝐴𝑖𝑟 =0.0101 moles, 𝑅 = 0.082

𝑎𝑡𝑚∙𝐿
𝑚𝑜𝑙𝑒 ∙𝐾

, 𝑇𝑒𝑥𝑝 = experimentally measured temperature in

CREC-VL-Cell, 𝑉𝑇𝑜𝑡𝑎𝑙 = 0.275 L, 𝑃𝐴𝑖𝑟 =1.01 atm. Note: the 14.7 factor converts atm in
psia units.
Then 𝑃𝐴𝑖𝑟 is a correction that can be validated by comparing it to the 𝑃𝐴𝑖𝑟,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 in a
CREC-VL-Cell filled with air,

𝑃𝐴𝑖𝑟 ,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = (𝑃𝑒𝑚𝑝𝑡𝑦 𝑐𝑒𝑙𝑙 − 𝑃𝐴𝑖𝑟 ) × 14.7

Equation 31

where,
 𝑃𝐴𝑖𝑟,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = experimental air correction factor in the CREC-VL-Cell in Psia,
𝑃𝑒𝑚𝑝𝑡𝑦 𝑐𝑒𝑙𝑙 = experimental total air pressure in the CREC-VL-Cell filled with air, atm, 𝑃𝐴𝑖𝑟
=1.01 atm, Note: 14.7 factor converts atm into Psia units.
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Figure 46 and Table 9 compare both the 𝑃𝐴𝑖𝑟 experimentally observed and predicted in
the CREC-VL-Cell experiment. One can see that both 𝑃𝐴𝑖𝑟 are in good agreement with
each other, as shown in Figure 46, with a standard deviation not exceeding 0.2 psia.
Therefore, the “Air Correction Factor” method, including its validation, confirms that: a)
pressure measurements are adequate, b) the ideal gas law adopted is suitable.

Figure 46. Comparison of 𝑷𝑨𝒊𝒓 Experimental (Blue filled circle) and theoretical
(Red solid line) in the 30 ℃ to 120 ℃ range. Note: Vertical bars represent standard
deviation for experimental repeats.
Table 9. Data comparison between theoretical air factor and experimental air factor.
Notes: (a) SD indicates Standard deviation, (b) SE indicates Standard Error, (c) LB
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and UB indicate Lower bound and Upper bound respectively in 95 % Confidence
Interval (CI)
Theoretical air
T (ᵒC)
P vsat (Psia)
30
0.51
40
1.01
50
1.52
60
2.03
70
2.53
80
3.04
90
3.55
100
4.05
110
4.56
120
5.06

Experimental Corrected Data

Time
(min)

T (ᵒC)

P vsat (Psia)

SD (±)

0
10
20
30
40
50
60
70
80
90

42.0
51.0
59.0
67.0
77.0
85.0
94.0
103.0
112.0
120.0

1.0
1.5
1.9
2.3
2.8
3.2
3.6
4.1
4.5
4.9

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.3
0.3
0.3

95% CI
SE

LB

UB

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.2

0.8
1.3
1.7
2.1
2.5
2.9
3.4
3.8
4.2
4.6

1.2
1.7
2.1
2.5
3.0
3.4
3.9
4.4
4.8
5.2

Based on the above, the proposed Air Factor Correction can be applied to various blends
studied in this chapter.
One should note that there are assumptions involved in the Air Factor Correction factor
other than the ideal gas law: (a) the measuring sample is non-reactive to the air, (b) The
humidity level of the air is negligible, (c) the oxygen solubility in water can be neglected.
7.2

VLE for Pure Chemical Species

In this chapter, VL equilibrium data for four (4) paraffinic hydrocarbons and water blends
are provided. Runs are conducted by using the CREC-VL-Cell method. In these runs, the
total vapor pressure and temperature are continuously measured in the range of 30 ℃ to
110 ℃.
The reported experimental data is the average from at least three (3) independent runs. For
the statistical analysis, Standard Deviations, Standard Errors and 95 % Confidence Interval
are reported. In this respect, the experimental data are compared with data from the open
literature.
Regarding the pure hydrocarbon data in the CREC-VL-Cell, they were obtained for the
following reasons; (a) Validation of data obtained, (b) Air pressure correction applicability
(See 7.1).
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7.2.1 VLE for Pure Alkane
CREC-VL-Cell measurements were developed with n-hexane, n-octane, n-decane and ndodecane.
Figure 47, Table 10 and Table 11 report a comparison of n-octane data from the CRECVL Cell and seven (7) data points from the open-literature as a reference, showing their
close agreement.

Figure 47. 𝑷𝒎𝒊𝒙 for n-octane and references data in the range of 30 ℃ to 110 ℃. Note:
Vertical bars represent standard deviation
One can notice in Figure 47, ± 0.25 psia standard deviations for repeat runs. One can
observe as well as shown in Appendix A, a systematic uncertainty of 0.08 %, which does
not exceed ± 0.26 psia for n-octane, with this being true at various temperature levels.
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Table 10. 𝑷𝒎𝒊𝒙 comparison for n-octane between Literature data and CREC-VL-Cell
experimental data
CREC-VL-Cell

Literature data
Temperature

Ref.

(℃)

experimental data

Vapor pressure

Vapor pressure

(psia)

(psia)

30

[161]

0.36

0.8

40

[162]

0.60

1.0

50

[163]

0.97

1.3

60

[164]

1.52

1.9

70

[165]

2.31

2.6

80

[164]

3.38

3.7

90

[166]

4.85

5.2

100

[167]

6.79

7.1

110

[166]

9.31

9.6

Table 11. n-octane Experimental and Statistical data. Notes: (a) SD = Standard
Deviation, (b) SE = Standard Error, (c) CI = Confidence Interval, (d) LB = Lower
bound, (e) UB = Upper bound
Exp. Data (n-octane 100%) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.77

0.21

0.12

0.53

1.01

40

0.99

0.23

0.13

0.73

1.24

50

1.34

0.22

0.13

1.09

1.59

60

1.87

0.21

0.12

1.63

2.10

70

2.63

0.21

0.12

2.39

2.87

80

3.71

0.23

0.14

3.44

3.97

90

5.17

0.25

0.15

4.88

5.46

100

7.09

0.24

0.14

6.82

7.37

110

9.58

0.20

0.12

9.35

9.81
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Furthermore, pure n-hexane experimental data in the CREC-VL-Cell is reported in Figure
48, Table 12 and Table 13. There is also a comparison with six (6) technical literature data
points. One can observe, in this case, the close agreement with the literature data, as well
as a ± 1.62 psia maximum data uncertainty.

Figure 48. 𝑷𝒎𝒊𝒙 for n-hexane and references data in the range of 30 ℃ to 110 ℃. Note:
Vertical bars represent standard deviation
Table 12. 𝑷𝒎𝒊𝒙 comparison for n-hexane between Literature data and CREC-VL-Cell
experimental data
Literature data
Temperature

Experimental data

Ref.

Vapor pressure (psia)

Vapor pressure (psia)

30

[168]

3.62

4.74

40

[169]

5.41

6.26

50

[170]

7.83

8.42

60

[171]

11.08

11.56

70

[172]

15.30

15.67

(℃)

88

80

[170]

20.62

20.80

90

[170]

27.27

27.16

100

[170]

35.86

35.10

110

[173]

45.70

44.93

Table 13. n-hexane Experimental and Statistical data. Notes: (a) SD = Standard
Deviation, (b) SE = Standard Error, (c) CI = Confidence Interval, (d) LB = Lower
bound, (e) UB = Upper bound
Exp. Data (n-hexane 100%) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

4.74

0.75

0.53

3.70

5.78

40

6.26

0.96

0.68

4.93

7.59

50

8.42

0.95

0.67

7.10

9.74

60

11.56

0.84

0.60

10.39

12.73

70

15.67

0.85

0.60

14.49

16.86

80

20.80

1.08

0.76

19.31

22.29

90

27.16

1.41

1.00

25.20

29.11

100

35.10

1.62

1.14

32.86

37.34

110

44.93

1.48

1.04

42.88

46.98

Furthermore, the pure n-decane data is reported in Figure 49, Table 14 and Table 15. One
can see a saturation vapor pressure with less than 3.0 psia standard deviations in the entire
experimental range studies. One can also notice that the data uncertainty does not exceed
± 0.45 psia, being in a similar range than those of n-octane and n-hexane. However, one
can also note a larger difference with the literature data, with this being assigned to the
smaller vapor pressure values measured.
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Figure 49. 𝑷𝒎𝒊𝒙 for n-decane and references data in the range of 30 ℃ to 110 ℃. Note:
Vertical bars represent standard deviation
Table 14. 𝑷𝒎𝒊𝒙 comparison for n-decane between Literature data and CREC-VL-Cell
experimental data
Literature data
Temperature
(℃)

Ref.

Experimental data

Vapor pressure

Vapor pressure

(psia)

(psia)

30

[174]

0.04

0.07

40

[175]

0.07

0.10

50

[174]

0.13

0.16

60

[174]

0.23

0.28

70

[174]

0.38

0.45

80

[176]

0.55

0.70

90

[77]

0.92

1.04

100

[177]

1.39

1.50

110

[77]

2.04

2.11

90

Table 15. n-decane Experimental and Statistical data. Notes: (a) SD = Standard
Deviation, (b) SE = Standard Error, (c) CI = Confidence Interval, (d) LB = Lower
bound, (e) UB = Upper bound
Exp. Data (n-decane 100%) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.07

0.02

0.02

0.04

0.10

40

0.10

0.13

0.09

-0.09

0.28

50

0.16

0.11

0.08

0.01

0.31

60

0.28

0.06

0.04

0.19

0.36

70

0.45

0.01

0.01

0.44

0.46

80

0.70

0.07

0.05

0.60

0.80

90

1.04

0.19

0.13

0.78

1.30

100

1.50

0.31

0.22

1.07

1.92

110

2.11

0.44

0.31

1.50

2.72

Finally, the pure n-dodecane vapor pressure data is reported in Figure 50, Table 16 and
Table 17, with a maximum saturation pressure of less than 1 psia. One can observe that
the experimental data from the CREC-VL-Cell overestimates the vapor pressure of ndodecane, with a data uncertainty ≤ 0.27 psia, comparable to the one with the other
hydrocarbons.
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Figure 50. 𝑷𝒎𝒊𝒙 for n-dodecane and references data in the range of 30 ℃ to 110 ℃.
Note: Vertical bars represent standard deviation
Table 16. 𝑷𝒎𝒊𝒙 comparison for n-dodecane between Literature data and CREC-VLCell experimental data
Literature data
Temperature
(℃)

Ref.

Experimental data

Vapor pressure

Vapor pressure

(psia)

(psia)

30

[175]

0.00

0.08

40

[178]

0.01

0.21

50

[179]

0.03

0.24

60

[180]

0.03

0.28

70

[181]

0.06

0.34

80

[180]

0.11

0.43

90

[182]

0.19

0.57

100

[183]

0.29

0.77

110

[166]

0.46

0.96
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Table 17. n-dodecane Experimental and Statistical data. Notes: (a) SD = Standard
Deviation, (b) SE = Standard Error, (c) CI = Confidence Interval, (d) LB = Lower
bound, (e) UB = Upper bound
Exp. Data (n-dodecane 100%) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.08

0.01

0.01

0.06

0.10

40

0.21

0.08

0.06

0.10

0.33

50

0.24

0.09

0.06

0.12

0.36

60

0.28

0.07

0.05

0.19

0.37

70

0.34

0.08

0.06

0.23

0.46

80

0.43

0.13

0.09

0.25

0.62

90

0.57

0.15

0.11

0.36

0.78

100

0.77

0.13

0.09

0.59

0.95

110

0.96

0.26

0.19

0.59

1.32

Therefore, one can notice that the vapor pressure obtained in the CREC-VL-Cell shows a
good agreement for both n-octane and n-hexane when compared with the data reported in
the technical literature. On the other hand, for n-decane and n-dodecane, there is some
increased discrepancy, with this being assigned to the higher influence of various
measurement errors on the smaller vapor pressure values.
7.2.2 VLE for Pure water
Figure 51, Table 18 and Table 19 reports the vapor pressure for pure water. One can see a
good agreement between the experimental data obtained in the CREC-VL-Cell and the
literature data, with the data uncertainty being smaller than 0.61 psia for the entire test.
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Figure 51. 𝑷𝒎𝒊𝒙 for single water (Blue filled circle mark), Lide (2004) (Red filled
circle) and Cliefford & Hunter (1933) reference in the range of 30 ℃ to 110 ℃.Note:
Vertical bars represent standard deviation.
Regarding the agreement of 𝑃𝑚𝑖𝑥 with reported saturation pressure values for water, as
stated in the technical literature, one can note a close agreement. This agreement also
confirms that the air correction method proposed in section 6.1 is adequate in the 275 mL
Cell.
Table 18. 𝑷𝒎𝒊𝒙 comparison for water between Literature data and CREC-VL-Cell
experimental data
Literature data
Temperature (℃)

Vapor pressure (psia)

Vapor pressure (psia)

30

0.61

0.37

40

1.06

0.96

1.77

1.69

60

2.85

2.80

70

4.46

4.46

50

Ref.

Experimental data

[184]

94

80

6.78

6.87

90

10.04

10.28

100

14.51

14.96

20.78

21.04

110

[185]

Table 19. water Experimental and Statistical data. Notes: (a) SD = Standard
Deviation, (b) SE = Standard Error, (c) CI = Confidence Interval, (d) LB = Lower
bound, (e) UB = Upper bound
Exp. Data (water 100%) wt.

7.3

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.37

0.31

0.18

0.02

0.71

40

0.96

0.34

0.19

0.58

1.34

50

1.69

0.39

0.23

1.24

2.13

60

2.80

0.36

0.21

2.40

3.21

70

4.46

0.29

0.17

4.14

4.79

80

6.87

0.29

0.17

6.54

7.19

90

10.28

0.37

0.22

9.85

10.70

100

14.96

0.50

0.29

14.39

15.52

110

21.04

0.60

0.35

20.36

21.73

VLE in n-octane/water Blends

N-octane is one of the main components in naphtha composition, with a boiling point close
to the average boiling point for naphtha [186]. Therefore, this research has chosen n-octane
and water mixtures to provide a better understanding of the VL equilibrium of the NRU
system.
To accomplish this, both Pressure and Temperature are measured in the CREC-VL-Cell
using the dynamic technique with the cell temperature augmenting following a set
temperature ramp. Twelve (12) different mixtures, including n-octane and water, were
studied.
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7.3.1 P-T data
Figure 52 reports vapor pressure at various temperatures for twelve (12) n-octane and water
blends using the compositions.

Figure 52. 𝑷𝒎𝒊𝒙 for VLLE of the n-octane/water mixtures in the range of 30 ℃ to 110
℃. Notes: (a) Summation of water and n-octane saturation pressures represent a
completely immiscible model (purple solid line), (b) 1080 rpm mixing speed is used,
(c) Experiment data is the average data of three or more experimental repeats.
Regarding Figure 52, one can see reviewing the various 𝑃𝑚𝑖𝑥 data points reported that,
pure n-octane gave the lowest of all vapor pressures. As well, one can notice that the second
lowest data points correspond to pure water (blue dotted diamond line). It is interesting to
notice that the observed vapor pressures for all water/n-octane blends surpass all these
vapor pressures for pure components.
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Table 20. n-octane 1.0 wt% + water 99.0 wt% Experimental and Statistical data
Exp. Data (n-octane 1.0% +water 99.0%) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.46

0.07

0.04

0.39

0.54

40

1.07

0.25

0.14

0.79

1.35

50

2.10

0.31

0.18

1.75

2.45

60

3.67

0.25

0.14

3.39

3.95

70

5.93

0.26

0.15

5.63

6.22

80

9.17

0.35

0.20

8.77

9.56

90

14.43

0.40

0.23

13.98

14.88

100

21.18

0.34

0.20

20.80

21.57

110

28.77

0.65

0.38

28.04

29.51

Table 21. n-octane 2.0 wt% +water 98.0 wt% Experimental and Statistical data
Exp. Data (n-octane 2.0% +water 98.0%) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.40

0.10

0.06

0.21

0.59

40

1.11

0.12

0.07

0.88

1.35

50

2.10

0.13

0.07

1.85

2.35

60

3.61

0.12

0.07

3.39

3.84

70

5.90

0.09

0.05

5.72

6.09

80

9.21

0.07

0.04

9.06

9.36

90

14.32

0.07

0.04

14.19

14.45

100

20.70

0.08

0.05

20.55

20.86

110

28.39

0.11

0.06

28.18

28.60

Table 22. n-octane 4.0 wt% +water 96.0 wt% Experimental and Statistical data
Exp. Data (n-octane 4.0% +water 96.0%) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.99

0.31

0.18

0.64

1.33

40

1.70

0.31

0.18

1.36

2.05
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50

2.73

0.31

0.18

2.39

3.08

60

4.30

0.31

0.18

3.95

4.64

70

6.66

0.31

0.18

6.31

7.00

80

10.04

0.31

0.18

9.70

10.39

90

15.23

0.32

0.19

14.87

15.60

100

21.53

0.32

0.19

21.17

21.90

110

28.77

0.31

0.18

28.43

29.12

Table 23. n-octane 6.0 wt% +water 94.0 wt% Experimental and Statistical data
Exp. Data (n-octane 6.0% +water 94.0%) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.27

0.16

0.09

0.09

0.45

40

1.01

0.13

0.07

0.86

1.16

50

2.04

0.16

0.09

1.86

2.23

60

3.56

0.20

0.11

3.34

3.78

70

5.84

0.21

0.12

5.61

6.07

80

9.18

0.22

0.13

8.93

9.43

90

14.44

0.28

0.16

14.12

14.76

100

20.93

0.32

0.18

20.57

21.29

110

28.31

0.09

0.05

28.21

28.40

Table 24. n-octane 20.0 wt% +water 80.0 wt% Experimental and Statistical data
Exp. Data (n-octane 20.0% +water 80.0%) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.43

0.06

0.03

0.36

0.50

40

1.19

0.12

0.07

1.05

1.33

50

2.22

0.13

0.07

2.07

2.36

60

3.71

0.06

0.03

3.64

3.77

70

5.92

0.05

0.03

5.86

5.98

80

9.14

0.13

0.08

8.99

9.29

90

14.22

0.14

0.08

14.06

14.38

98

100

20.59

0.13

0.07

20.45

20.74

110

28.10

0.32

0.18

27.74

28.45

Table 25. n-octane 50.0 wt% +water 50.0 wt% Experimental and Statistical data
Exp. Data (n-octane 50.0% +water 50.0%) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.44

0.04

0.02

0.39

0.49

40

1.20

0.09

0.05

1.10

1.31

50

2.29

0.07

0.04

2.21

2.37

60

3.82

0.10

0.06

3.71

3.94

70

6.06

0.19

0.11

5.84

6.27

80

9.34

0.31

0.18

8.99

9.68

90

14.59

0.46

0.26

14.07

15.10

100

21.11

0.59

0.34

20.45

21.77

110

28.39

0.61

0.35

27.70

29.09

Table 26. n-octane 80.0 wt% +water 20.0 wt% Experimental and Statistical data
Exp. Data (n-octane 80.0% +water 20.0%) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.31

0.07

0.04

0.23

0.40

40

1.03

0.10

0.06

0.91

1.14

50

2.08

0.08

0.04

1.99

2.17

60

3.62

0.06

0.03

3.55

3.68

70

5.87

0.07

0.04

5.80

5.94

80

9.13

0.08

0.05

9.04

9.23

90

14.28

0.09

0.05

14.18

14.39

100

20.76

0.10

0.06

20.65

20.88

110

28.37

0.15

0.09

28.19

28.54
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Table 27. n-octane 98.0 wt% +water 2.0 wt% Experimental and Statistical data
Exp. Data (Octane 98.0% +water 2.0%) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.37

0.05

0.03

0.31

0.44

40

1.08

0.09

0.05

0.98

1.18

50

2.12

0.13

0.07

1.97

2.26

60

3.63

0.17

0.10

3.44

3.82

70

5.85

0.23

0.13

5.59

6.11

80

9.10

0.31

0.18

8.76

9.45

90

14.28

0.38

0.22

13.86

14.71

100

20.76

0.39

0.23

20.32

21.21

110

28.18

0.31

0.18

27.83

28.52

Results reported in Figure 52 point to the essentially immiscible behavior of n-octane and
water blends where the blend vapor pressure can be expected to comply with the addition
of individual water and n-octane vapor pressure model. As a theoretical reference, the
vapor pressure for the fully immiscible model is also provided in Figure 52, with this
showing the significant trend of the actual water and n-octane blends to approximate this
upper theoretical vapor pressure limit.
Figure 53, Table 28, Table 29 and Table 30, on the other hand, report the vapor pressures
for n-octane/water blends with n-octane concentrations smaller than 1.0 wt%. One can thus
see that the measured vapor pressures start becoming now smaller than the theoretical limit
of the immiscible model suggesting partial miscibility.
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Figure 53. 𝑷𝒎𝒊𝒙 for VLE of n-octane – water mixture in the range of 30 ℃ to 110 ℃
range. Notes: (a) Summation of water and n-octane saturation pressures represent a
completely immiscible model (purple solid line), (b) 1080 rpm mixing speed is used,
(c) Experiment data is the average data of three or more experimental repeats.
Table 28. n-octane 0.1 wt% +water 99.9 wt% Experimental and Statistical data
Exp. Data (n-octane 0.1% +water 99.9%) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.51

0.14

0.08

0.35

0.67

40

1.12

0.11

0.06

0.99

1.24

50

1.98

0.06

0.04

1.90

2.05

60

3.25

0.05

0.03

3.20

3.30

70

5.10

0.07

0.04

5.03

5.18

80

7.69

0.11

0.06

7.57

7.81

101

90

11.60

0.16

0.09

11.42

11.77

100

16.41

0.22

0.13

16.17

16.66

110

22.19

0.38

0.22

21.75

22.62

Table 29. n-octane 0.25 wt% +water 99.75 wt% Experimental and Statistical data
Exp. Data (n-octane 0.25% +water 99.75%) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.42

0.73

0.42

-0.41

1.24

40

1.05

0.70

0.40

0.26

1.83

50

2.07

0.64

0.37

1.34

2.80

60

3.69

0.51

0.29

3.12

4.27

70

5.97

0.36

0.21

5.56

6.37

80

8.95

0.31

0.18

8.60

9.30

90

13.24

0.43

0.25

12.76

13.72

100

18.30

0.53

0.31

17.70

18.90

110

23.92

0.54

0.31

23.31

24.53

Table 30. n-octane 0.5 wt% +water 99.5 wt% Experimental and Statistical data
Exp. Data (n-octane 0.5% +water 99.5%) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.43

0.03

0.02

0.39

0.46

40

1.11

0.03

0.02

1.08

1.15

50

2.17

0.06

0.04

2.10

2.24

60

3.82

0.08

0.04

3.74

3.91

70

6.25

0.10

0.06

6.14

6.37

80

9.55

0.16

0.10

9.37

9.74

90

14.27

0.29

0.16

13.95

14.60

100

19.81

0.40

0.23

19.35

20.27

110

26.34

0.44

0.25

25.84

26.83

On the other hand, Figure 54 and Table 31 report runs developed in the CREC-VL-Cell
using a high n-octane and low water concentration blend: 99.75 wt% n-octane + 0.25 wt%
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water. One can notice the significant impact of a small fraction of water on the vapor
pressure of the blend, with the vapor pressure surpassing both the pure water vapor pressure
and pure n-octane. One could argue in this respect, that at these low water concentrations,
this is an indication that no separate water phase exists in the liquid phase, with water being
partially solubilized in n-octane.

Figure 54. 𝑷𝒎𝒊𝒙 for 99.75 wt% n-octane + 0.25 wt% water in the range of 30 ℃ to 110
℃ range. Notes: (a) Summation of water and n-octane saturation pressures represent
a completely immiscible model (purple solid line), (b) 1080 rpm mixing speed is used,
(c) Experiment data is the average data of three or more experimental repeats.
Table 31. n-octane 99.75.0 wt% +water 0.25 wt% Experimental and Statistical data
Exp. Data (n-octane 99.75% +water 0.25%) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.44

0.21

0.12

0.20

0.68
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7.4

40

1.01

0.13

0.08

0.86

1.16

50

1.92

0.17

0.10

1.72

2.11

60

3.41

0.35

0.20

3.01

3.81

70

5.64

0.42

0.24

5.16

6.12

80

8.75

0.29

0.17

8.43

9.08

90

13.31

0.11

0.06

13.18

13.43

100

18.47

0.22

0.12

18.23

18.72

110

23.80

0.39

0.23

23.35

24.24

VLE in water/synthetic naphtha (SN) Blends

7.4.1 P-T data on different synthetic naphtha concentration
In this chapter, results for VLE runs using water/synthetic naphtha (SN) in the CREC-VLCell are reported. The SN employed consisted of five (5) paraffinic hydrocarbons. The
blend composition was selected to represent typical naphtha, as reported in the technical
literature (See 5.1.2). The ratios of SN and water were chosen to represent the naphtha in
water in a Naphtha Recovery Unit (NRU) of the oil sand industry. In the NRU, the feed
stream contains about 2.0 wt% naphtha and heavier hydrocarbon in smaller amounts [4].
Therefore, 2.5 wt% and 4.0 wt% SN in water were selected for the hydrocarbon blends to
be VLE runs of the present study. Furthermore, 97.5 wt% SN in water was also considered
for analyzing the VLE of low concentrations of water in SN.
Figure 55 reports the pressure-temperature data for three (3) different water-SN blends. In
this series, VLE runs at 1080 rpm in the CREC-VL-Cell were analyzed, in the 30 ℃ to
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110 ℃ range. Statistical data for the three (3) compositions are provided in Table 32, Table
33 and Table 34, respectively.
Reviewing the data in Figure 55, one can notice that the vapor pressures for 2.5 wt%, 4.0
wt% and 97.5 wt% synthetic naphtha mixture are close in spite of the SN concentrations
difference.

Figure 55. 𝑷𝒎𝒊𝒙 for water /synthetic naphtha mixtures in the range of 30 ℃ to 110 ℃
. Notes: (a) Summation of water and synthetic naphtha saturation pressures represent
a completely immiscible model (purple solid line), (b) 1080 rpm mixing speed is used,
(c) Vertical bars indicate the standard deviation of three or more experimental
repeats.
Regarding the results reported in Figure 55, they can be justified given the 2.5wt% and
4wt% SN in water, they form two essentially immiscible liquid phases, with 𝑷𝒎𝒊𝒙 given
by the direct addition of the saturation vapour pressures of the SN and water individual
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species. A similar result was also obtained at the other extreme of the blends having 2.5wt%
water in SN. The closeness of the 𝑷𝒎𝒊𝒙 to the addition of the saturation vapour pressures
for SN and water suggests a close to two immiscible phases.
Table 32. synthetic naphtha 2.5 wt% + water 97.5% Experimental and Statistical data
Exp. Data (synthetic naphtha 2.5 wt% + water 97.5 wt%)

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.89

0.10

0.07

0.76

1.03

40

1.16

0.62

0.44

0.29

2.02

50

1.90

1.38

0.98

-0.01

3.82

60

3.93

1.34

0.95

2.07

5.79

70

7.02

0.97

0.69

5.67

8.37

80

10.99

0.82

0.58

9.85

12.12

90

16.15

0.91

0.64

14.90

17.41

100

23.28

0.76

0.54

22.23

24.33

110

33.03

0.05

0.04

32.96

33.10

Table 33. synthetic naphtha 4.0 wt% + water 96.0 wt% Experimental and Statistical
data
Exp. Data (synthetic naphtha 4.0 wt% + water 96.0 wt%)

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.74

0.21

0.15

0.45

1.03

40

1.61

0.19

0.13

1.34

1.87

50

2.89

0.30

0.21

2.48

3.31

60

4.87

0.42

0.30

4.28

5.46

70

7.74

0.51

0.36

7.03

8.45

80

11.76

0.59

0.42

10.95

12.58

90

17.27

0.71

0.50

16.30

18.25

100

24.60

0.88

0.62

23.39

25.82

110

33.91

0.99

0.70

32.55

35.28
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Table 34. synthetic naphtha 97.5 wt% + water 2.5 wt% Experimental and Statistical
data
Exp. Data (synthetic naphtha 97.5 wt% + water 2.5 wt%)

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.77

0.28

0.20

0.38

1.15

40

1.45

0.12

0.08

1.28

1.61

50

2.52

0.04

0.03

2.47

2.57

60

4.40

0.02

0.01

4.37

4.43

70

7.17

0.02

0.01

7.15

7.19

80

10.96

0.01

0.01

10.94

10.98

90

16.12

0.10

0.07

15.98

16.27

100

23.13

0.44

0.31

22.52

23.75

110

32.29

0.73

0.51

31.29

33.30

7.4.2 P-T data at Different Impeller Speeds
The selection of impellers speed is of critical importance for achieving adequate mixing in
the CREC-VL-Cell. Figure 56 reports P-T data for a 97.5 wt% water-2.5 wt% SN blends
using five (5) different impeller speeds.
One can see in Figure 56 that 𝑃𝑚𝑖𝑥 increased consistently until 1080 rpm-1200 rpm is
reached. At 0 rpm, 550 rpm and 880 rpm mixing speeds, lower 𝑃𝑚𝑖𝑥 values are obtained
with these 𝑃𝑚𝑖𝑥 , which are justified on the basis of inadequate phase mixing speeds, for
phases with different density and limited mass transfer. For instance, the droplet size and
its uniform distribution in the bulk of the blend may affect VLE until the mixing condition
reaches the desired optimum level.
Furthermore, one noticed that the 1200rpm impeller speed may cause cavitation. As a
result, the 1080 rpm condition was chosen for all other experiments without having to be
concerned with the cavitation phenomenon [187].
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Figure 56. Mixing-speed effect for 2.5 wt% synthetic naphtha – 97.5 wt% water
mixture in the range of 30 ℃ to 110 ℃. Notes: (a) Summation of water and synthetic
naphtha saturation pressures represent a completely immiscible model (purple solid
line), (b) 1080 rpm mixing speed is used, (c) Vertical bars indicate the standard
deviation of three or more experimental repeats.
Figure 57 reports the mixing speed effect on a 4.0 wt% SN - 96.0 wt% water blend. As
well one can notice 580 rpm and 880 rpm mixing speeds are not recommended for accurate
𝑃𝑚𝑖𝑥 measurements. One can also see in the case for 4.0 wt% SN in water blend that
1080rpm and 1200rpm offer conditions for the highest 𝑃𝑚𝑖𝑥 , with 1080rpm being preferred
to avoid cavitation.
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Figure 57. Mixing-speed effect for 4.0 wt% SN - 96.0 wt% water mixture in the range
of 30 ℃ to 110 ℃. Notes: (a) Summation of water and synthetic naphtha saturation
pressures represent a completely immiscible model (purple solid line), (b) 1080 rpm
mixing speed is used, (c) Vertical bars indicate the standard deviation of three or more
experimental repeats.
Furthermore, Figure 58 reports 𝑃𝑚𝑖𝑥 for 97.5 wt% SN - 2.5 wt% water. Here again, the
1080 rpm is recommended for achieving the highest 𝑃𝑚𝑖𝑥 values.
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Figure 58. Mixing-speed effect for 97.5 wt% water – 2.5 wt% synthetic naphtha
mixture in the range of 30 ℃ to 110 ℃. Notes: (a) Summation of water and synthetic
naphtha saturation pressures represent a completely immiscible model (purple solid
line), (b) 1080 rpm mixing speed is used, (c) Vertical bars indicate the standard
deviation of three or more experimental repeats.
7.5

VLE in water -solids- n-octane Blends

Both silica sand and kaolin clay are added in the present study into water and n-octane
blends mixture, to form a multicomponent mixture. P-T diagrams are investigated to
establish the vapor pressure and its change with solids concentrations. Solid particles
employed 70 wt % silica sand and 30 wt% kaolin clay. This solid blend is used to closely
represent the solids in the NRU (See 5.1.1).
Figure 59 and Table 35 report VLE for 1.0 wt % n-octane mixture in water with 20 wt%
of solids. One can, thus, see that the 𝑃𝑚𝑖𝑥 is very close to the vapor pressure for 1.0 wt%
n-octane in water without solids, and close as well to the 𝑃𝑚𝑖𝑥 defined with the addition of
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the n-octane and water vapour pressure. Thus, the 20 wt% does not have a significant
influence on 𝑃𝑚𝑖𝑥 and the n-octane/water blend continues to behave as a quasi-immiscible
blend.

Figure 59. 𝑷𝒎𝒊𝒙 for 1.0 wt% n-octane and various water-solid compositions in the 30
℃ to 110 ℃ range. Notes: (a) Summation of water and octane saturation pressures
represent a completely immiscible model (purple solid line), (b) 1080 rpm mixing
speed is used, (c) Vertical bars indicate the standard deviation of three or more
experimental repeats.
Table 35. n-octane 1.0 wt% + solids 1.0 wt% + water 98.0 wt% Experimental and
Statistical data
Exp. Data (n-octane 1.0 % + solids 1.0 % + water 98.0 %) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.46

0.07

0.04

0.39

0.54

40

1.07

0.25

0.14

0.79

1.35
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50

2.10

0.31

0.18

1.75

2.45

60

3.67

0.25

0.14

3.39

3.95

70

5.93

0.26

0.15

5.63

6.22

80

9.17

0.35

0.20

8.77

9.56

90

14.43

0.40

0.23

13.98

14.88

100

21.18

0.34

0.20

20.80

21.57

110

28.77

0.65

0.38

28.04

29.51

Table 36. n-octane 1.0 wt% + solids 20.0 wt% + water 79.0 wt% Experimental and
Statistical data
Exp. Data (n-octane 1.0 % + solids 20.0 % + water 79.0 %) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.54

0.08

0.06

0.43

0.66

40

1.30

0.06

0.04

1.22

1.39

50

2.39

0.01

0.00

2.38

2.40

60

3.98

0.01

0.01

3.97

3.99

70

6.32

0.01

0.01

6.31

6.34

80

9.69

0.01

0.01

9.68

9.70

90

14.84

0.22

0.15

14.54

15.14

100

20.90

0.57

0.41

20.11

21.70

110

27.34

0.78

0.55

26.26

28.43

Figure 60 further report VLE for 2.0 wt % n-octane mixture in water with 20 wt% solids.
Here again, there is no difference in the VLE with and without solids, as observed for 1.0
wt% n-octane in water.
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Figure 60. 𝑷𝒎𝒊𝒙 for 2.0 wt% n-octane and various water-solids compositions in the 30
℃ to 110 ℃ range. Notes: (a) Summation of water and octane saturation pressures
represent a completely immiscible model (purple solid line), (b) 1080 rpm mixing
speed is used, (c) Vertical bars indicate the standard deviation of three or more
experimental repeats.
Table 37. n-octane 2.0 wt% + solids 1.0 wt% + water 97.0 wt% Experimental and
Statistical data
Exp. Data (n-octane 2.0 % + solids 1.0 % + water 97.0 %) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.45

0.06

0.04

0.33

0.56

40

1.23

0.09

0.07

1.05

1.41

50

2.28

0.05

0.03

2.19

2.38

60

3.82

0.03

0.02

3.77

3.86

70

6.10

0.05

0.04

5.99

6.21

113

80

9.44

0.08

0.06

9.29

9.60

90

14.71

0.00

0.00

14.70

14.71

100

21.29

0.16

0.11

20.99

21.60

110

29.01

0.08

0.06

28.85

29.17

Table 38. n-octane 2.0 wt% + solids 20.0 wt% + water 78.0 wt% Experimental and
Statistical data
Exp. Data (n-octane 2.0 % + solids 20.0 % + water 78.0 %) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.52

0.18

0.13

0.16

0.88

40

1.20

0.04

0.03

1.12

1.29

50

2.14

0.20

0.14

1.75

2.53

60

3.56

0.38

0.27

2.81

4.31

70

5.76

0.44

0.31

4.89

6.63

80

9.02

0.43

0.31

8.17

9.86

90

14.09

0.48

0.34

13.15

15.03

100

20.19

0.63

0.44

18.96

21.42

110

26.92

0.62

0.44

25.70

28.15

Figure 61 and Figure 62 further show 4.0 wt% and 6.0 wt% n-octane in water blends with
added 20 wt% solids. Here as well, there is a negligible difference on 𝑷𝒎𝒊𝒙 recorded values,
without and with 20 wt% solids.
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Figure 61. 𝑷𝒎𝒊𝒙 for 4.0 wt% n-octane and various water-solid compositions in the 30
℃ to 110 ℃ range. Notes: (a) Summation of water and octane saturation pressures
represent a completely immiscible model (purple solid line), (b) 1080 rpm mixing
speed is used, (c) Vertical bars indicate the standard deviation of three or more
experimental repeats.
Table 39. n-octane 4.0 wt% + solids 20.0 wt% + water 76.0 wt% Experimental and
Statistical data
Exp. Data (n-octane 4.0 % + solids 20.0 % + water 76.0 %) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.61

0.06

0.04

0.52

0.69

40

1.34

0.03

0.02

1.29

1.38

50

2.38

0.02

0.02

2.35

2.41

60

3.94

0.03

0.02

3.90

3.98

70

6.29

0.04

0.03

6.23

6.34

115

80

9.68

0.03

0.02

9.63

9.72

90

14.90

0.02

0.01

14.87

14.93

100

21.26

0.12

0.08

21.10

21.43

110

28.58

0.21

0.15

28.29

28.87

Figure 62. 𝑷𝒎𝒊𝒙 for 6.0 wt% n-octane and various water-solid compositions in the 30
℃ to 110 ℃ range. Notes: (a) Summation of water and octane saturation pressures
represent a completely immiscible model (purple solid line), (b) 1080 rpm mixing
speed is used, (c) Vertical bars indicate the standard deviation of three or more
experimental repeats.
Table 40. n-octane 6.0 wt% + solids 20.0 wt% + water 74.0 wt% Experimental and
Statistical data
Exp. Data (n-octane 6.0 % + solids 20.0 % + water 74.0 %) wt.

Temperature (°C)

P mix (psia)

SD (±)

SE

95% CI
LB

UB
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30

0.36

0.35

0.25

-0.13

0.85

40

1.09

0.29

0.21

0.68

1.49

50

2.13

0.35

0.25

1.64

2.62

60

3.73

0.51

0.36

3.02

4.43

70

6.09

0.64

0.45

5.20

6.97

80

9.44

0.68

0.48

8.50

10.38

90

14.64

0.68

0.48

13.70

15.59

100

21.16

0.77

0.55

20.09

22.23

110

28.90

0.97

0.68

27.56

30.24

Finally, Figure 63 and Table 41 reports 0.25 wt% n-octane in water with 20 wt% of solids.
One can notice that 𝑃𝑚𝑖𝑥 decreases in all cases with and without solids displaying a
difference with the 𝑃𝑚𝑖𝑥 for the fully insoluble phases, with this being the result as
explained in 7.2.2 of partial hydrocarbon miscibility at the lower hydrocarbon
concentrations studied.
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Figure 63. 𝑷𝒎𝒊𝒙 for 0.25 wt% n-octane and various water-solid compositions in the 30
℃ to 110 ℃ range. Notes: (a) Summation of water and octane saturation pressures
represent a completely immiscible model (purple solid line), (b) 1080 rpm mixing
speed is used, (c) Vertical bars indicate the standard deviation of three or more
experimental repeats.
Table 41. n-octane 0.25 wt% + solids 20.00 wt% + water 79.75 wt% Experimental
and Statistical data
Exp. Data (n-octane 0.25 % + solids 20.00 % + water 79.75 %) wt.

95% CI

Temperature (°C)

P mix (psia)

SD (±)

SE

LB

UB

30

0.47

0.04

0.03

0.42

0.52

40

1.23

0.01

0.00

1.22

1.24

50

2.21

0.05

0.04

2.14

2.28

60

3.54

0.09

0.06

3.42

3.66

70

5.40

0.06

0.04

5.32

5.48
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80

7.99

0.01

0.01

7.98

8.01

90

11.98

0.04

0.03

11.92

12.04

100

16.94

0.23

0.16

16.61

17.26

110

22.81

0.47

0.33

22.15

23.46

Therefore, one can conclude that for all n-octane/water blends studied, kaolin clay and
silica sand blend at 20 wt% does not influence the 𝑷𝒎𝒊𝒙 . While sand particles are massive,
kaolin clay particles display a BET specific internal surface area and, in principle, could
adsorb hydrocarbon species, affecting the vapor pressure measured (See 5.1.1). However,
despite this, it appears hydrocarbon adsorption on kaolin clay while present is not
significant enough to affect 𝑷𝒎𝒊𝒙 .
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7.6

Conclusions
(1) Pressure data from runs in the CREC-VL-Cell can be corrected using an “Air
contained fraction correction” factor.
(2) VLE measurements in the CREC-VL-Cell were successfully validated using pure
n-octane, pure n-hexane and pure water. This was the case, given the good
agreement of measurements with data reported in the technical literature
(3) VLE measurements in the CREC-VL-Cell for n-octane/water blends showed
consistency with the insoluble phase model, with this being true for all n-octane
concentrations, except for the 0.5 wt% lowest n-octane concentration.
(4) VLE measurements in the CREC-VL-Cell using SN and water blends were
investigated using 2.5 wt% SN in water, in the 0 - 1200 rpm impeller speed range.
It was proven that the 1080rpm impeller speed provides adequate mixing,
preventing cavitation.
(5) VLE measurements using 0.5 wt to 97.5 wt% SN in water blends displayed a 𝑷𝒎𝒊𝒙
consistently in agreement, with the insoluble two liquid phase model.
(6) VLE measurements employing n-octane in water, with a 20 wt% added silica

sand-kaolin clay solids, showed no influence of solids on 𝑃𝑚𝑖𝑥 measurements.
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Chapter 8: Bounding Equilibrium Molar Fraction in the
CREC-VL-Cell

Runs in CREC-VL-Cell involve a dynamic method with both total pressure and
temperature changing with run time. On this basis and as shown in Chapter 6, the PR-EoS
model is able to represent well the P-T pairs in the CREC-VL-Cell, and this is for the
various blends studied both with n-octane in water as well as SN in water.
However, one is also looking for a model that in addition of being able to represent the PT pairs should be able to provide additional data such as the molar fractions in the liquid
phase and vapor phases.
8.1

Conservation Molar Fractions Based Model in the CREC-VL-Cell.

The CREC-VL-Cell experiments are targeted to measure the vapor pressure and
temperature for a diversity of initial feed compositions. Vapor pressure data is essential to
determine plant designs, operational costs and product recovery in the petroleum industry
[188].
In this regard, a mass fraction analysis is a critical one for establishing conditions that the
mass fraction of n-octane/water binary mixtures in equilibrium should comply.
Mass fractions can be established from blends using analytical methods such as Gas
Chromatography (GC) [189]. However, the GC technique is not adequate to analyze
chemical blends involving high water concentrations, given water (steam) can damage the
GC column [190]. Since our mixture contained significant amounts of water in the context
of a Naphtha Recovery Unit process, the GC method could not be used.
As an alternative, n-octane/water mass fractions can be “bound” by using mass and mole
balances in the CREC-VL Cell. One should emphasize that results obtained from this
analysis provide an “upper limit” to n-octane mass fractions in the liquid phase. There is
no constraint in this analysis to a specific n-octane and water concentration range, with this
approach being very valuable to screen possible VL equilibrium models.
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Regarding mole balances in the CREC-VL-Cell, they can be established accounting for
water and n-octane in the liquid and vapor phases, as shown in Equation 32 and Equation
33
𝑙
𝑙
𝑛𝑜𝑐𝑡
+ 𝑛𝑤
= 𝑛𝑙

Equation 32

𝑣
𝑣
𝑛𝑜𝑐𝑡
+ 𝑛𝑤
= 𝑛𝑣

Equation 33

And adding Equation 32 and Equation 33, it gives,
𝑛𝑙 + 𝑛𝑣 = 𝑛

Equation 34

Furthermore, mass balance of species can be also written as in Equation 35 and Equation
36
𝑙
𝑣
𝑚𝑜𝑐𝑡
+ 𝑚𝑜𝑐𝑡
= 𝑚𝑜𝑐𝑡

Equation 35

𝑙
𝑣
𝑚𝑤
+ 𝑚𝑤
= 𝑚𝑤

Equation 36

And adding Equation 35 and Equation 36, it gives,
𝑚𝑙 + 𝑚𝑣 = 𝑚

Equation 37

One should note that the mole balances from Equation 32 and Equation 33 in both vapor
and liquid phases, can be expressed as well using molecular weight and chemical species
mass as in Equation 38 and Equation 39
𝑙
𝑙
𝑚𝑜𝑐𝑡
𝑚𝑤
+
= 𝑛𝑙
𝑀𝑊𝑜𝑐𝑡 𝑀𝑊𝑤
𝑣
𝑣
𝑚𝑜𝑐𝑡
𝑚𝑤
+
= 𝑛𝑣
𝑀𝑊𝑜𝑐𝑡 𝑀𝑊𝑤

Equation 38

Equation 39

Or alternatively adding Equations from Equation 38 and Equation 39, it results,
𝑚𝑜𝑐𝑡
𝑚𝑤
+
=𝑛
𝑀𝑊𝑜𝑐𝑡 𝑀𝑊𝑤

Equation 40
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As well considering the ideal gas model applies, one can obtain,
𝑃𝑉 𝑣 = 𝑛𝑣 𝑅𝑇

Equation 41

Furthermore, and given that the CREC-VL cell is a “batch” unit of constant volume without
chemical reaction taking place, both the total unit volume and the water/n-octane blends
total moles can be described at any time during the dynamic experiment via Equation 42
and Equation 43.
𝑉 = 𝑉𝑙 + 𝑉𝑣

Equation 42

𝑛 = 𝑛𝑙 + 𝑛𝑣

Equation 43

Regarding 𝑛𝑣 the total moles in the vapor phase, they can be calculated using Equation 41
and Equation 43 as follows,
𝑚𝑙
𝑛𝑣 = 𝑛 −
𝑀𝑊 𝑙
𝑃𝑉 𝑣
𝑅𝑇

Equation 45

𝑚𝑙
𝑃𝑉 𝑣
=
𝑀𝑊 𝑙
𝑅𝑇

Equation 46

𝑛𝑣 =

𝑛−

Equation 44

Furthermore, Equation 46 can be rearranged using Equation 42 so that the liquid mass
becomes expressed in terms of all the other variables:
𝑚𝑙
𝑃(𝑉 − 𝑉 𝑙 )
𝑛−
=
𝑀𝑊 𝑙
𝑅𝑇
𝑙

𝑛−

𝑚
=
𝑀𝑊 𝑙

𝑃 (𝑉 −

𝑚𝑙
)
𝜌𝑙

Equation 47

Equation 48

𝑅𝑇

𝑚𝑙
𝑃𝑉
𝑃 𝑚𝑙
𝑛−
=
−
𝑀𝑊 𝑙 𝑅𝑇 𝑅𝑇 𝜌𝑙

Equation 49
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𝑛−

𝑃𝑉
1
𝑃
)
= 𝑚𝑙 (
−
𝑙
𝑅𝑇
𝑀𝑊
𝑅𝑇𝜌𝑙
𝑃𝑉
𝑛 − 𝑅𝑇

𝑚𝑙 =
(

1
𝑃
)
−
𝑙
𝑀𝑊
𝑅𝑇𝜌𝑙

Equation 50

Equation 51

Given that P, V, T and n in Equation 51 are known parameters, ml can be determined,
provided MWl and l are given. Thus, using Equation 37, mv can be calculated as well.
One should note that one can define a range of the average density variation in the liquid
phase is as follows:
𝑙
𝑙
𝜌𝑚𝑖𝑛
< 𝜌𝑙 < 𝜌𝑚𝑎𝑥

Equation 52

𝑙
Where, 𝜌𝑚𝑎𝑥
is the liquid density with no n-octane present, so it represents the water
𝑙
density and the 𝜌𝑚𝑖𝑛
the liquid density at initial n-octane/water composition conditions.

One can thus see that both minimum and maximum density value change with temperature
conditions differing in the worst situation, for 2.0 wt% n-octane + 98.0 wt% water mixture
by 0.02 % error. Thus, it can be considered that the effect of composition and compositions
changes on the liquid density in Equation 52 can be neglected.
Regarding the molecular weight of liquid (𝑀𝑊 𝑙 ) it can be calculated via Equation 53 and
Equation 55.
𝑀𝑊 𝑙 =

𝑚𝑙
𝑛𝑙

Equation 53

Its variation can, however, be bound between the minimum and the maximum values,
𝑙
𝑀𝑊𝑤 < 𝑀𝑊 𝑙 < 𝑀𝑊𝑚𝑎𝑥

Equation 54
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𝑙
𝑀𝑊𝑚𝑎𝑥
=

𝑚𝑙
𝑙
𝑚𝑜𝑐𝑡

𝑀𝑊𝑜𝑐𝑡

𝑙
𝑚𝑤
+ 𝑀𝑊

1

=

𝑤

𝑙
𝑥𝑜𝑐𝑡

𝑀𝑊𝑜𝑐𝑡

Equation 55

𝑙
𝑥𝑤
+ 𝑀𝑊

𝑤

It is important to note that when 𝑀𝑊 reaches 𝑀𝑊𝑤 , it represents a liquid phase free of n𝑙
octane. Regarding 𝑀𝑊𝑚𝑎𝑥
it can, in principle, be calculated with the feed composition.

However, one should check if under these conditions, ml  m. If the m value exceeds “m”
𝑙
one should limit the 𝑀𝑊𝑚𝑎𝑥
, until this condition is met.
𝑚𝑙

𝑚𝑙

𝑙
𝑙
On this basis knowing, one can establish 𝑛𝑤
= 𝑀𝑊𝑤 , 𝑛𝑜𝑐𝑡
= 𝑀𝑊𝑜𝑐𝑡 and calculate for every
𝑤

𝑜𝑐𝑡

condition, such as the upper bound for the molar fractions of n-octane in the CREC-VLCell runs.
𝑦𝑤 
𝑦𝑜𝑐𝑡 

𝑥𝑤 

𝑥𝑜𝑐𝑡 

𝑣
𝑛𝑤
𝑛𝑣

Equation 56

𝑣
𝑛𝑜𝑐𝑡
𝑛𝑣

Equation 57

𝑙
𝑛𝑤
𝑛𝑙

Equation 58

𝑙
𝑛𝑜𝑐𝑡
= 𝑥𝑜𝑐𝑡,𝑢𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡
𝑛𝑙

Equation 59

Thus, the calculated mass fractions provide for every condition of upper molar fraction
boundary. The upper boundary requires to be satisfied by the thermodynamic model under
consideration.
To illustrate the value of the proposed bounding model, the molar fraction obtained via the
PR-EoS and experimental data from the CREC-VL-Cell, are compared with the
requirement that 𝑥𝑜𝑐𝑡,𝑃𝑅 𝐸𝑜𝑆 < 𝑥𝑜𝑐𝑡,𝑢𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡
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Figure 64 shows that 𝑥𝑜𝑐𝑡 molar fractions in the 0.1 ~ 2 wt% n-octane in water initial
concentration range, using Aspen Hysys and PR-EoS model (continuous lines) surpasses
in all cases of 𝑥𝑜𝑐𝑡,𝑢𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡 from Equation 59 as follows,
𝑥𝑜𝑐𝑡,𝑃𝑅 𝐸𝑜𝑆 > 𝑥𝑜𝑐𝑡,𝑢𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡

Figure 64. Molar fraction upper boundaries in n-octane/water mixtures and
estimated molar fractions by PR-EOS
As a result, even if the PR-EoS could be considered adequate for predicting the total
pressure of n-octane in water blends in the 30 – 110 ℃ range as shown in Chapter 6:, this
model shows to be inadequate, for assessing the molar fraction of n-octane molar fraction
in the liquid phase.
In summary, it can be concluded that the proposed PR-EoS model and any other alternative
thermodynamic models have to closely predict the total pressure of the system, providing
n-octane in water complying with 𝑥𝑜𝑐𝑡,𝑃𝑅 𝐸𝑜𝑆 < 𝑥𝑜𝑐𝑡,𝑢𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡 test condition.
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8.2

Conclusions
(1) The mass balance-based method is developed to set the anticipated upper bound for
n-octane fractions in the liquid phase.
(2) The derived upper bound represents a general constraint which is independent of
the model selected.
(3) The proposed model allows to show that the PR-EoS, in spite of being adequate
(first approximation) for predicting the total system pressure at various thermal
levels, does not comply consistently with the condition of 𝑥𝑜𝑐𝑡,𝑃𝑅 𝐸𝑜𝑆 <
𝑥𝑜𝑐𝑡,𝑢𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡 .
(4) The proposed methodology of establishing an upper bound for the n-octane molar
fraction provides additional and valuable constraints to any thermodynamic model
being considered for n-octane in water blends.
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Chapter 9: Conclusions and Recommendations

9.1

Conclusions

(1) It is demonstrated that CREC-VL-Cell displayed optimum operation under the
following operating conditions: (a) 100mL sample volume, (b) 1.5 cm clearance
with marine impeller, (c) interface baffle, (d) 1080 mixing speed,
(2) It is shown that high impeller speeds (e.g. 1080 rpm) are essential to provide
adequate mixing in the batch CREC-VL-Cell, with impeller mixing speed in
excess to 1080 rpm not having beneficial effects on vapor pressure measurements
and promoting cavitation.
(3) It is proven that the CREC-VL-Cell operates close to thermal equilibrium with less
than 1.6 % temperature difference between phases, and vapor pressures obtained
with the dynamic technique, differing in less than 1.0 % from the vapor pressure
employing conventional static methods
(4) It is shown that the SN (synthetic naphtha) using five alkanes can be used to
emulate the vapor pressure of the industrial naphtha.
(5) It is proven that air contained CREC-VL-Cell fraction can be discounted from
vapor pressure measurements, allowing hydrocarbon-water measurements without
the need of degassing the cell with vacuum.
(6) It is shown that CREC-VL-Cell can be used to measure the vapor pressures of
different n-octane/water blends (0.1 ~ 99.75 wt% n-Octane). The 𝑃𝑚𝑖𝑥 data shows
three equilibrium behaviors such as (a) the VLLE conditions, (b)the VLE under
high octane dilutions in water, (c) the VLE under high water dilution in n-octane
(7) It is proven that CREC-VL-Cell can be employed to measure the vapor pressures
of different SN/water compositions (2.5 ~ 97.5 wt% synthetic naphtha) with the
close to the insoluble two liquid phase model being a dominant observed trend.
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(8) It is shown that CREC-VL-Cell can be used to measure the vapor pressures of
different solids/n-octane/water compositions, with no significant pressure
difference observed when 20 wt% solid was added to the multiphase system.
(9) It is proven that the vapour pressure in the CREC-VL-Cell system can be simulated
(first approximation) by adjusting the total phase volumetric flow of a continuous
separator module in Aspen HYSYS with PR-EoS
(10) It is demonstrated that Aspen HYSYS with the PR-EoS package is unable to
predict n-octane/water fraction below limiting trends, as resulting from mass
analysis data from the CREC-VL-Cell.
9.2

Recommendations
(1) An analytical experimental method should be developed to sample liquid and vapor
phases simultaneously in the CREC-VL-Cell.
(2) The range of experimental measurements should be extended to a higher
temperature and pressure controlling tightly pressure leakages.
(3) The application of CREC-VL-Cell method should be further applied with different
hydrocarbon-water blends, such as naphtha-bitumen mixtures and various process
additives.
(4) An advanced thermodynamic model should be developed to ensure both enhanced
prediction of vapor pressure and n-octane molar fractions falling in the boundaries
anticipated with the mass balances developed with the CREC-VL-Cell data.
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Appendices
Appendix A: Uncertainty
Uncertainty can be defined as any type of error containing multiple causes in the
measurement, whereas error merely demonstrates the numerical deviation between the
measurement and true value [191]. Hence, uncertainty has better data reliability than error
[192]. International Organization for Standardization (ISO) also guides researchers to
provide uncertainty to show the credibility of experiment data [193].
The uncertainty must involve a statistical point of view, showing how far the reality is
situated from the experimental measurement. Several statistical methods can be selected to
determine the experimental uncertainty. Therefore, the experimentalist should address the
viability of the selected analytical method.
In this thesis, possible uncertainties from the experiment environment may involve
systematic and human factors. Systematic and human uncertainties are interpreted by a
calibration parameter and an experimental repeatability value. The following is a possible
expression:
𝑢𝑐 (𝑇) = ±√𝑢𝑐𝑎𝑙𝑖𝑏 (𝑇)2 + 𝑢𝑟𝑒𝑝 (𝑇)2
For the calibration uncertainty, one has to consider that a calibrated K-type thermocouple,
with a ± 2.2 ℃ uncertainty, was used in the experiments. The value is provided from
𝑂𝑀𝐸𝐺𝐴𝑇𝑀 and the method is in accordance with ASTM E230.
Repeatability tests were also conducted for every experiment with at least 3 (three) repeats
per experiment. One can also refer to the uncertainty of repeatability as the standard error.
The following is the equation to find the repeatability uncertainty:
𝑢𝑟𝑒𝑝 (𝑇) =

𝜎
√𝑛
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Thus, uncertainty is a statistical based, single value parameter. However, uncertainty can
also be considered using a more elaborated assessment with uncertainty multiplied by a kfactor, which rescales the value as a confidence level. In this respect, 1.96 was used in the
present study for k-factor, which gives a 95 % confidence interval assuming a normal
Gaussian distribution.
As a result, the following expression can be considered for the experimentally measured
temperature including a calculated uncertainty with a 95 % confidence interval:
𝑇𝑓𝑖𝑛𝑎𝑙 = 𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 + 𝑘𝑢𝑐 (𝑇)
A similar approach can be employed to determine the uncertainty for pressure
measurement. One should note, however, that the pressure transducer used in the
experiments has shown different uncertainty levels with this being dependent on the
pressure measured.
𝑂𝑀𝐸𝐺𝐴𝑇𝑀 provides a 0.08 % systematic uncertainty for the measured pressure. While VLCell pressure transducer measures up to 50 psi, the maximum calibration uncertainty does
not exceed ± 0.04 psi. Furthermore, the largest standard error in the experiment is ± 1.01
psi. Therefore, the combined possible uncertainty is less than ± 1.09 psi for the pressure
data.
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Appendix B: Risk Analysis
Risk Analysis is a systematic technique to identify the source of harm, minimizing the risk
to achieve a target [194]. CREC-VL-Cell operation has several potential hazards to cause
severe potential harm to the researcher. Furthermore, risk analysis facilitates the
understanding of the experimental method. It can lead to preventing repetitive human error
and reducing research costs.
The following steps are required to execute the risk analysis
1. Hazard identification
2. Numerical Risk estimation on each hazard
3. Risk Priority Number (RPN) determination with a detection level
4. Determining the remedial measures
Preliminary Hazard Analysis (PHA) and Fault Tree Analysis (FTA) are complementary
analysis techniques to have different advantages in safety engineering. PHA is an inductive
method to identify the hazard in the project development step. On the other hand, FTA is
a graphical analysis tool to start from the top event to the undesired consequences.
Table 1 shows the PHA tool for the overall VL-Cell operation. P and S stand for the
Probability and severity, respectively. The factor of risk is determined by multiplying the
Probability and Severity. Remedial measures indicate the required action to prevent and
recover operational risks.
Table 42. Preliminary Hazard Analysis for VL-Cell operation
Hazard
Exposure to
residues

P

S

Risk

3

3

9

Contaminates

3

3

9

Inhalation from
chemicals

3

3

9

Remedial measures
•

Use clean 100 mL bottle to subdivide the
chemical

•

Change the syringe or Pipette each time
used

•

Use certified respiratory mask
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Hazard
Chemical
Exposure to skin
Inhalation from
solids

P

S

Risk

3

3

9

3

3

9

Pressure leakage

3

3

9

Injury from
Hot-plate

3

3

9

Impeller rotation
and hand stuck

3

3

9

High temperature
parts

3

2

6

Exposure to skin
from solids

3

2

6

Thermocouple
overshoot

2

3

6

Temperature
controller error

2

3

6

Remedial measures
•

Use certified/right-size latex gloves and
change it every time to use

•

Use adequate mask that filter the fine-size
solids

•

Check Pressure leakage every time before
running an experiment and add a alarm
system sensor when ramp-pressure has
unusual behavior

•

Put the 'Hot' warning sign on the hotplate
with large font size

•

Train the operator to inform the procedure
not to manipulate impeller in the middle of
the operation

•

Put the 'Hot' warning sign on the hotplate
with large font size

•

Measure the solids inside of Lab hood

•

Check cold junction of the thermocouple on
the open space

•

Add the alarm sound on the controller
option and stay in the area when
experiment is operating
Clean the part as soon as the experiment
terminates and use naphtha to clean
Bitumen sample
Check the smoke point of the heat transfer
fluid and limit the heat transfer fluid
temperature

•

parts
contamination
from Bitumen

3

2

6

Smoke point from
heat transfer fluid

2

3

6

Impeller breakage
from wrong
placement

2

2

4

Worn Parts

2

2

4

•

Heat transfer fluid
leakage

2

2

4

Lost Parts

2

2

4

•

Use a adjustable bolt to prevent the
impeller breakage

•

Regularly test the pressure leakage and
check parts where high frictions are applied

•

Regularly check the magnetic stirrer region
to check the abrasion and limit the heat
transfer volume considering the density
change

•

Sort the parts and place the designated
area
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Hazard

P

S

Risk

Remedial measures
•

Fire due to the
flash point

1

3

3

Electric shock

1

3

3

Exposure to
surface currents

1

3

3

Electrostatic
discharge

1

3

3

Pressure
transducer error

1

3

3

Liquid overflow
from the VL-Cell

1

3

3

Temperature Data
acquisition error

1

3

3

Pressure Data
acquisition error

1

3

3

Impeller vibration

3

1

3

Impeller breakage
from cavitation

1

2

2

Baffle breakage

1

2

2

Heat exchanger
water leakage

1

2

2

Electronic part
breakage (Fuse)

1

2

2

Heat transfer fluid
acidification

1

2

2

Parts with low
temperature

1

1

1

•

Check the flammability condition from
using chemicals and adjust the
measurement limits
Place a fire extinguisher around the
apparatus

•

Place Warning sign where electronic shock
could occur from the apparatus

•

Cover the current area with rubber tape to
protect

•

Receive a electrician review for the present
electronic device arrangement to prevent
the electrostatic discharge

•

Receive a regular calibration

•

Check the density change of the
measurement sample and limit the sample
volume

•

Add the alarm sound and error message for
the issue

•

Add the alarm sound and error message for
the issue

•

Use a adjustable bolt to prevent the
impeller vibration, Stay in the area during
the experiment run, Test pre-running
before normal condition is applied

•

Check the condition of forming cavitation
and limit the experimental condition

•

Check the distance between baffle and
impeller every time before running
experiment
Regularly check the pipe and (specially)
fitting region, Use Teflon tape the reduce
the small gap between the pipe and screw

•

•

Check the fuse specification if it is standard
for the electronic parts, Retain spare fuse

•

Regularly check the odor and color
condition, regularly replace the heat
transfer fluid

•

Maintain standard temperature condition in
the laboratory
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Figure 65 and Figure 66 describe the FTA methodology for chemical inhalation and
pressure leakage events, all events possible whole operating the CREC-VL-Cell. The
reported schematics describe the logical steps used to interpret event and consequences.
Basic events (circles) connect to an AND gate. Intermediate events join with the OR gate.
Consequently, the Top event appears due to various sub-events occurring during the
operation.

149

Figure 65. Fault Tree Analysis for Chemical inhale and contact event
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Figure 66. Fault Tree Analysis for Pressure leak
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Appendix C. Aromatic Synthetic Naphtha
Synthetic Naphtha (SN) is prepared using five paraffinic components. However, one may
argue that the paraffins are insufficient to emulate naphtha. Dehaghani and Baizad (2016)
addressed that 12.1 vol.% aromatic components may contain in the industrial naphtha [195].
Therefore, this appendix introduces the aromatic synthetic naphtha and compares its PR
EoS simulation result with the results of paraffinic synthetic naphtha.
Table 43 reports the compositions of the n-paraffin group and aromatic groups to create
synthetic naphtha. The aromatic group includes five (5) aromatic compounds ranging C6
to C12, and the compositions are set to be same as paraffinic group.
Table 43. Compositions of n-paraffin group and aromatic group for Synthetic
Naphtha

Table 44 describes the compositions between n-paraffins and aromatic seen in Table 43.
The CREC SN_Aroma15 was generated based on the open literature reference, which
claims that aromatic contains 12.1 vol% in naphtha [195]. Furthermore, the CREC
SN_Aroma10 was prepared with low aromatic, and this given low aromatic contents in
naphtha is a frequently desired formulation.
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Table 44. Synthetic Naphtha compositions

Figure 67 reports True Boiling Point (TBP) data for typical naphtha and two (2) Synthetic
Naphtha by using Hysys PR-EoS. The CREC SN_Aroma 10 is not reported here because
it has an essentially TBP essentially identical to CREC SN_Aroma 15. One can observe
that aromatic content has no significant effect on TNP distillation up to 65 wt%.

Figure 67. TBP analysis of Typical Naphtha and Synthetic Naphtha by using Hysys
PR-EOS.
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Figure 68 describes the pressure change using as a reference, the CREC SN_Aroma0
synthetic naphtha without aromatics. One can see that The CREC SN_Aroma15 has less
than 1.37 % pressure difference compared to the pressure of the CREC SN_Aroma0. As
well one can observe that The CREC SN_Aroma10 has less than 2.2 %.

Figure 68. Pressure changes of synthetic aromatic naphtha while compared to the
CREC SN_Aroma0.
A similar analysis was developed to investigate the influence of the excess of water in
synthetic naphtha-water blends. Figure 69 and Figure 70 report the pressure change when
97.5 wt% water-2.5wt% Synthetic Aromatic Naphtha and 96.0 wt% water- 4wt% Synthetic
Aromatic Naphtha are compared with CREC SN_Aroma0. One can observe that the
aromatic compounds reduce the vapor pressure in the simulation of Hysys PR EoS, for less
than 1 % in the range of 30 – 110 ℃.
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Figure 69. Pressure changes of 97.5 wt% water + 2.5 wt% synthetic aromatic
naphtha compared to the CREC SN_Aroma0

Figure 70. Pressure changes of 96.0 wt% water + 4.0 wt% synthetic aromatic
naphtha compared to the CREC SN_Aroma0
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Appendix D. CREC-VL-Cell Photos
The following are photos for the experimental set up and auxiliary equipment as
presently available in CREC laboratories

Figure 71. CREC-VL-Cell setup image

Figure 72. 275mL Equilibrium cell image

Figure 73. Water-cooled heat exchanger in CREC-VL-cell
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